Modélisation numérique du procédé de frittage flash by Mondalek, Pamela
Numerical modeling of the spark plasma sintering
process
Pamela Mondalek
To cite this version:
Pamela Mondalek. Numerical modeling of the spark plasma sintering process. Other. Ecole
Nationale Supe´rieure des Mines de Paris, 2012. English. <NNT : 2012ENMP0084>. <pastel-
00820191>
HAL Id: pastel-00820191
https://pastel.archives-ouvertes.fr/pastel-00820191
Submitted on 3 May 2013
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destine´e au de´poˆt et a` la diffusion de documents
scientifiques de niveau recherche, publie´s ou non,
e´manant des e´tablissements d’enseignement et de
recherche franc¸ais ou e´trangers, des laboratoires
publics ou prive´s.

MINES ParisTech  
CEMEF UMR CNRS 7635
1, rue Claude Daunesse - CS 10207  
06904 Sophia Antipolis Cedex - France 
présentée et soutenue publiquement par 
Pamela MONDALEK 
le 7 décembre 2012  
Numerical modeling of the spark plasma sintering process 
Modélisation numérique du procédé de frittage flash














Doctorat ParisTech
T H È S E
pour obtenir le grade de docteur délivré par 
l’École nationale supérieure des mines de Paris
Spécialité “Mécanique Numérique”

Directeur de thèse : Michel BELLET 
Encadrement de la thèse : Luisa SILVA
Jury 
M. Umberto ANSELMI-TAMBURINI, Professeur, Département de Chimie, Université de Pavia      
M. Jose CESAR DE SA, Professeur, IDMEC / FEUP, Université de Porto       
M. Frédéric BERNARD,  Professeur,   LRRS Institut Carnot de Bourgogne, Dijon                   
M. Alain COURET, Directeur de Recherche CNRS, CEMES Toulouse      
M. Nikhil KARNATAK, Ingénieur de Recherche, Plateforme CEA MECACHROME, Vibraye 
                     
Rapporteur 
Rapporteur 
Examinateur 
Examinateur 
Examinateur
Ecole doctorale n° 364 : Sciences Fondamentales et Appliquées 
T
H
E
S
E

  !"#$%&'()*'#+,
!"# $%"& "%# %"&"%' "&"()#  %*() )*+) (,)+%"--"&"() . &*( / %"')"+% /" )01#" ! '0"-
2"--") ") &, '*3/ %"')% '" /" )01#" 4+ #, 5 -6,7 8" -"# %"&"%' " $*+% -" #*+) "(9 -"# '*(#" -#
") -"+% / #$*( : - );7 !"%' /" &<,6* % =+ /; ") '*(#" --;7 ! '0"-9 >" %,>*+)"%, +( =%,(/
&"%' $*+% -"# %"-"')+%"# & (+) "+#"# /+ &,(+#'% )7
8<,/%"##" &"# # ('1%"# %"&"%' "&"()# . ?%;/;% @+" 2"%(,%/ $*+% -<0*(("+% @+< - &<, A, )
/" $%;# /"% &*( >+%B7 8" %"&"%' " ;=,-"&"() 8*#; C"#,% D" 5, ") E&:"%)* F(#"-& G,&3
:+% ( /<,6* % ,''"$); /<H)%" -"# %,$$*%)"+%# /" '"))" )01#" , (# @+" F-, ( C*+%") ") I J0 -
K,%(,),J /<,6* % ,''"$); /" >+="% '"))" )01#"7
8" %"&"%' " ;=,-"&"() -<;@+ $" /+ CL!L59 8",(3M0 - $$" !*('0*+N9 4 #" D+%,(/ ")
$-+# $,%) '+- 1%"&"() G0*&,# O* # ( $*+% )*+# (*# ;'0,(="# #+% -" 5M57 G0*&,# &"%' 
$*+% )*+# -"# "##, # ") $*+% ), %;,') 6 );7
8" %"&"%' " ,+## !,% "3?%,(P* #"9 ?%,(P* #"9 Q"("6 16"9 ?-*%"('"9 C,%*-"9 !+% "--"9 2% = ))"
") 5B-6 "7
8" 6*+/%, # %"&"%' "% L& -"9 4,%: 9 Q%"=9 R,$09 5)"$09 K,% &9 I,/ ("9 S ,/9 ,6"' 6*+#
><, $,%),=; -"# 0,+)# ") -"# :,# /" -, )01#"9 /"# #* %;"#9 /"# 6,',('"#777 O*+# #,6"T . @+"-
$* () 6*)%" ,& ) ; , '*&$);7
8" %"&"%' " ,+## &, A,& --" $*+% -"+% #*+) "( ") -"+% , /" ") #+%)*+) -"+%# "('*+%,="3
&"()# /+%,() -, $;% */" /" %;/,') *(7 L(ﬁ(9 >" %"&"%' " -, $"%#*((" @+ #,(# "--" '"
)%,6, - (<,+%, ) $,# $+ H)%" ,''*&$- 9 &*( G*+) 9 &"%' $*+% )*+)"# -"# -*(=+"# "N$- ',3
) *(# ") / #'+## *(# #+% -, &;',( @+" ") -"# &,);% ,+N ") $*+% ,6* % ;); -.9 )*+) -" )"&$#7
V(+) -" /" )" / %" '*&: "( ), $%;#"('" &<"#)  (/ #$"(#,:-"7
!"%' 777
  
 !"#$ %& '%()$()*
 !"#$%&'(#)%"  
*)+,)%-$./01 2
3 *)+,)%-$./01 $45)46 7
 !" #$%&'()*%+'$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ,
 ! -&'*.// (./*&+0%+'$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ,
 !1 2./+/%3$*. /+$%.&+$4 5+/%'&6 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ""
 !7 8.*53$+/9/ ()&+$4 (.$/+ﬁ*3%+'$ ;6 <03&= ->3/93 <+$%.&+$4 ! ! ! ! ! ! ! ! "7
 !? <%3%. '@ %5. 3&% '@ %5. 0&'*.// /+9)>3%+'$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! "A
 !B C'$*>)/+'$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  D
*)+,)%-$./01 8 
8 9':4$)(., :%&4,)"- %; #04 (%'/,4& #04$:., 4,4(#$)(., /$%+,4:< 87
1!" #$%&'()*%+'$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 7E
1! 8'$'>+%5+* 300&'3*5 )/.( +$ CimLibr ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 7"
1! !" F.G.> /.% 9.%5'( ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 7"
1! ! 8+H+$4 >3I/ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 7 
1! !1 J$+/'%&'0+* 9./5 3(30%3%+'$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 7 
1!1 8'(.>+$4 '@ %5. .>.*%&+*3> 0&';>.9 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 77
1!1!" K'G.&$+$4 .L)3%+'$/ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 77
1!1! M.3= @'&9 3$( (+/*&.%+N3%+'$ '@ %5. .>.*%&+*3> 0&';>.9 ! ! ! ! ! ! ! 7?
1!1! !" O+/*&.%+N3%+'$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 7?
1!7 8'(.>+$4 '@ %5. %5.&93> 0&';>.9 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 7B
1!7!" K'G.&$+$4 .L)3%+'$/ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 7B
1!7!"!" P5.&93> ;')$(3&6 *'$(+%+'$/ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 7B
1!7! M.3= @'&9 3$( (+/*&.%+N3%+'$ '@ %5. %5.&93> 0&';>.9 ! ! ! ! ! ! ! ! 7D
+++
 !  !"#$ %& '%()$()*
"#$#%#& ' ()*+, -., /0 # # # # # # # # # # # # # # # # # # # # # # # # # $1
"#2 3+., 04 56 7/89+ +ﬀ+),; <8=+* ).9 ,+(,( # # # # # # # # # # # # # # # # # # # $>
"#2#& <8=+* ).9 !.9 ?., /0 /@ AB=C( 9.D # # # # # # # # # # # # # # # # # # $>
"#2#&#& E/?+9 04 /@ 7/89+ B+., 04 /@ . ( 049+ =.,+* .9 # # # # # # # $>
"#2#&#% E/?+9 04 /@ 7/89+ B+., 04 /@ ,D/ =.,+* .9(  0 )/0,.), # # # 2&
"#F G =89., /0 /@ ,B+*=.9 +9+),* ).9 )/8H9 04 @/* . ( =H9 ﬁ+? GJG 4+/=+,*6 # # 2"
"#F#& <8=+* ).9 *+(89,(;  !"#$%&# '%()!"* # # # # # # # # # # # # # # # # # # 22
"#F#% K0ﬂ8+0)+ /@ ,B+ (/8*)+ ,+*= # # # # # # # # # # # # # # # # # # # # # # 2>
"#F#" <8=+* ).9 *+(89,(; +"*'"%,$-%" .&/$%&)-$&(0 # # # # # # # # # # # # # FM
"#F#$ K0ﬂ8+0)+ /@ ,B+*=.9 ?+H+0?+0)+ /@ HB6( ).9 H*/H+*, +( # # # # # # # F%
"#1 G =89., /0 /@ +9+),* ).9 ,B+*=.9 )/8H9 04; N/=H.* (/0 5+,D++0 ,D/ )/?+(
.0? +OH+* =+0,( # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # F$
"#1#& <8=+* ).9 *+(89,(;  !"#$%&#,! '%()!"* # # # # # # # # # # # # # # # # # FF
"#1#% <8=+* ).9 *+(89,(; +1"%*,! '%()!"* # # # # # # # # # # # # # # # # # F1
"#P N/0)98( /0 # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # 1"
 !"#!$%&'()* +,
- ./01&!2'# 0$31#!4% $5 ($631& 2$0('27!$4 ++
$#& K0,*/?8), /0 # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # 1>
$#% G,.,+ /@ ,B+ .*,; E/?+9 04 /@ H/D?+* ( 0,+* 04 # # # # # # # # # # # # # # # # 1>
$#" E/?+9 04 /@ ,B+ =+)B.0 ).9 H*/59+= # # # # # # # # # # # # # # # # # # # # # P%
$#"#& E/?+9 04 /@ ,B+ )/=H*+(( 59+ ,B+*=.9 ! ()/H9.(, ) 5+B.! /8* 5.(+?
/0 Q5/8.@ 9.D # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # P%
$#"#% E/=+0,8= +R8., /0 # # # # # # # # # # # # # # # # # # # # # # # # # # P2
$#"#%#& S+.T @/*=89., /0 .0? ? ()*+, -., /0 # # # # # # # # # # # # P2
$#"#" E.(( )/0(+*!., /0 # # # # # # # # # # # # # # # # # # # # # # # # # # # # P>
$#"#"#& S+.T @/*=89., /0 .0? ? ()*+, -., /0 # # # # # # # # # # # # P>
$#$ <8=+* ).9 ( =89., /0 /@ H/D?+* )/=H.), /0 # # # # # # # # # # # # # # # # # >M
$#$#& G =89., /0 /@ . H/D?+* @*++ 80 .O .9 )/=H*+(( /0 # # # # # # # # # # >&
$#$#&#& c .0? f )/0(,.0, # # # # # # # # # # # # # # # # # # # # # # # >&
$#$#&#% c .0? f 8H?.,+? D ,B ,B+ *+9., !+ ?+0( ,6 # # # # # # # # # >$
$#$#% G =89., /0 /@ . H/D?+* ? + )/=H.), /0 # # # # # # # # # # # # # # # # >2
$#$#%#& c .0? f )/0(,.0, # # # # # # # # # # # # # # # # # # # # # # # >2
$#$#%#% c .0? f 8H?.,+? D ,B ,B+ *+9., !+ ?+0( ,6 # # # # # # # # # >1
 !"!"#"$ %&'( )*+&*,+-*, .' /012&-*, *33&'*45 " " " " " " " " " " " 67
!"!"$ 8',4109-', " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " 66
!": ;0(2&-4*1 9-(01*.-', '< 4'0312= 2124.&-4 .52&(*1 (245*,-4*1 3&'>12(9 =0&?
-,+ @A@ " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " BCC
!":"B D,.&'=04.-', " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " BCC
!":"# /E0*.-',9 *,= *1+'&-.5( '< .52 9-(01*.-', " " " " " " " " " " " " " " BCC
!":"$ F295 *=*3.*.-', G-.5 .''19 ('.-', " " " " " " " " " " " " " " " " " " BC!
!":"! @H((2.&H =02 .' +2'(2.&H " " " " " " " " " " " " " " " " " " " " " " BC:
!":": I232,=2,42 '< 4',=04.- -.-29 G-.5 3'G=2& &21*.- 2 =2,9-.H " " " " " BCJ
!"K 8',4109-', " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " BB$
 !"#!$%&'()* ++,
, -$./#!0% $1 1&!23!$0 .4&!0% 565 47!0% 3)/ 84#/&!'0 '((&$'2) ++9
:"B D,.&'=04.-', " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " B#B
:"# %&-4.-', 1*G " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " B##
:"#"B A'G=2&LM*11 <&-4.-', ('=219 " " " " " " " " " " " " " " " " " " " " " " B#!
:"#"# N-94'31*9.-4 <&-4.-', ('=21 <'& 3'G=2& 4'(3*4.-', " " " " " " " " " " B#:
:"$ F'=21-,+ '< <&-4.-', -, .52 /012&-*, (','1-.5-4 *33&'*45 " " " " " " " " " " B#K
:"$"B D,.&'=04.-', " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " B#K
:"$"# I294&-3.-', '< .52 (245*,-4*1 ('=21 " " " " " " " " " " " " " " " " " B#K
:"$"$ I294&-3.-', '< .52 /012&-*, ('=21 " " " " " " " " " " " " " " " " " " " B#J
:"$"! I294&-3.-', '< .52 )*+&*,+-*, ('=21 " " " " " " " " " " " " " " " " " B#6
:"$": ;0(2&-4*1 9.0=H '< .52 /012&-*, *33&'*45 " " " " " " " " " " " " " " B$B
:"$"K A'99->12 =2 21'3(2,.9 -, .52 /012&-*, ('=21 " " " " " " " " " " " " " B!C
:"! 8',4109-', " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " B!B
 !"#!$%&'()* +:;
< =0>/&7/ '0'#*7!7 '0. ('&'?/3/&7 !./03!ﬁ2'3!$0 +:,
K"B D,.&'=04.-', " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " B!J
K"# D=2,.-ﬁ4*.-', '< .52 >25* -'& 1*G 3*&*(2.2&9P Q2E0-&2= 2R32&-(2,.9 " " " " B!J
K"#"B D=2,.-ﬁ4*.-', '< 4',9-9.2,4H *,= 9.&*-, &*.2 92,9-.- -.H ', =2,92
(*.2&-*1 " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " B!7
K"#"# D=2,.-ﬁ4*.-', '< S>'0*< <0,4.-',9 " " " " " " " " " " " " " " " " " " " B!6
K"#"#"B T'. -9'9.*.-4 3&299-,+P -=2,.-ﬁ4*.-', '< f " " " " " " " " " " B:B
 !  !"#$ %& '%()$()*
"#$#$#$ %&!'(!') *+,-./00!+& 1!23 *+&02'&2 )'2/.') -./004./ # # # # 56$
"#$#7 8!,!2'2!+& +9 23/ :'2/.0+& ,'*3!&/ # # # # # # # # # # # # # # # # # # 56"
"#$#7#5 ;/0*.!-2!+& +9 :'2/.0+& ,'*3!&/ # # # # # # # # # # # # # # 56"
"#$#7#$ <4==/02/> /(-/.!,/&20 # # # # # # # # # # # # # # # # # # # # 56?
"#$#7#7 :./)!,!&'.@ /(-/.!,/&20 # # # # # # # # # # # # # # # # # # # 5"7
"#7 A>/&2!ﬁ*'2!+& +9 CD+4'9 94&*2!+&0 40!&= <:< # # # # # # # # # # # # # # # # # 5"6
"#7#5 <:< /(-/.!,/&20 '&> ,/'04./,/&20 # # # # # # # # # # # # # # # # # # 5""
"#7#$ E')!D.'2!+& +9 c '&> f 40!&= F'2)'D # # # # # # # # # # # # # # # # # # 5G6
"#7#$#5 C)=+.!23, 40/> !& F'2)'D # # # # # # # # # # # # # # # # # # 5GG
"#7#7 E')!D.'2!+& +9 23/ 9.!*2!+& *+/ﬃ*!/&2 # # # # # # # # # # # # # # # # # 5?5
"#7#I E+&*)40!+& # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # 5??
"#I J4,/.!*') 0!,4)'2!+& +9 23/ 0-'.K -)'0,' 0!&2/.!&= 2/02 # # # # # # # # # # # 5L$
"#I#5 ;/0*.!-2!+& +9 23/ ,+>/)0 # # # # # # # # # # # # # # # # # # # # # # # 5L$
"#I#$ M/04)20 # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # 5L"
"#6 E+&*)40!+& # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # $N$
 !"#!$%&'()* +,-
. /$01#23!$0 '04 (5&3(516!753 +,.
 !"#!$%&'()* +89
:((504!; 8< ='65&3$0 (&5#!>!0'&* 65363 +8-
 !"# $% &!'()*"
 ! "#$ %$&ﬃ( )$*+%, -$*. 1970 %#// 20080 1 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  
2! 345#(&/ 6/6(%$#( (7$$68% +&96-*$.: &55/#6; #8 <=< 5$*(6::6:> ?&@ (*8:%&8%
ABC ?D@ "BC ?(@ 57/:6; AB &8; ?;@ 57/:6; AB E AB 0FG1 ! ! ! ! ! ! ! ! ! !  H
2!2 <5&$I =/&:.& <#8%6$#8) :6% 75 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !   
2!F J65$6:68%&%#96 :(,6.6 *- %,6 :6% 75 #8968%6; D4 K6#8%$&7D &8; J7:, 0LH1 !  2
2!G " -7//4 &7%*.&%6; %7886/M%456 :#8%6$#8) :4:%6. ;696/*56; D4  !"# $%&'(
)*+,#' -,.!/)*#0% 1+23 4).2 0 1 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  F
2!L N7.D6$ *- 57D/#(&%#*8: $6/&%6; %* :#8%6$#8) 78;6$ 6/6(%$#( (7$$68% 0FF1 ! ! !  F
2!O J6:#:%&8(6 :#8%6$#8) 5$*(6::6: ;6:#)8&%#*8 0FF1 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  G
2!P Q6(,&8#:.: *- :#8%6$#8) 02H1 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  L
2!R Sﬀ6(% *- 57/:6: *8 :#8%6$#8) .6(,&8#:.: 0GF1 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  O
2!U N6(I -*$.&%#*8 D6%+668 %+* 5&$%#(/6: &: ;6:($#D6; D4 3*I#%& 0GF1 ! ! ! ! !  P
2! H <6% 75 ;6:#)86; D4 V&8&)#:&+& &) 0%2 %* :%7;4 %,6 6ﬀ6(% *- :5&$I: *8 86(I
-*$.&%#*8 D6%+668 5*+;6$ 5&$%#(/6: 0LF1 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  R
2!  B*.57%&%#*8&/ ;*.&#8 (*8:#;6$6; D4 V*864& 6% &/! 0LG1 %* .*;6/ 6/6(%$#(&/
&8; %,6$.&/ 5$*D/6.: :7..&$#W6; :(,6.&%#(&//4 D4 X$$7 &) 0%2 0FF1! " 2A
&Y#&/ :4..6%$4 #: (*8:#;6$6; ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  U
2! 2 B*.57%&%#*8&/ ;*.&#8 (*8:#;6$6; D4 K&8) 6% &/! 0GR1 %* .*;6/ 6/6(%$#(&/
&8; %,6$.&/ 5$*D/6.: :7..&$#W6; :(,6.&%#(&//4 D4 X$$7 &) 0%2 0FF1 ! ! ! ! 2H
2! F B*.57%&%#*8&/ ;*.&#8 (*8:#;6$6; D4 Q&%:7)# &) 0%2 02O1 %* .*;6/ 6/6(%$#(&/
&8; %,6$.&/ 5$*D/6.: ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 2 
2! G B7$$68% ;#:%$#D7%#*8 #8 %,6 <=< &55&$&%7: (*.57%6; D4 "8:6/.#M3&.D7$#8#
&) 0%2 0F1 7:#8) %,6 (*..6$(#&/ :*-%+&$6 BZAM"ZSE > %,6 3D .*;6/ ,&:
35352 8*;6: +#%, ,6Y&)*8&/ &8; 5*/4)*8&/ (6//: ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 22
2! L =*+6$ ;#::#5&%6; D4 [*7/6 6ﬀ6(% (*.57%6; D4 "8:6/.#M3&.D7$#8# &) 0%2 *8
%,6 /6-% -*$ &/7.#8&\ &8; *8 %,6 $#),% -*$ (*556$ 0F1 ! ! ! ! ! ! ! ! ! ! ! ! ! 2F
2! O 36.56$&%7$6 )&5 D6%+668 %,6 (68%6$ *- %,6 :56(#.68 &8; %,6 ;#6 :7$-&(6
96$:7: %,6 %6.56$&%7$6 .6&:7$6; &% %,6 ;#6 :7$-&(6> B*.5&$#:*8 D6%+668
6Y56$#.68%: &8; :#.7/&%#*8 +,68 86)/6(%#8) *$ (*8:#;6$#8) %,6$.&/ (*8%&(%
$6:#:%&8(6 0LL1 7:#8) %,6 (*..6$(#&/ :*-%+&$6 "D&]7: ! ! ! ! ! ! ! ! ! ! ! ! 2G
9##
 !!!  !"# $% &!'()*"
"#$% &'()*+,-,!. +,)/++ (!+,)!01,!*2 !2+!(/ -314!2- 5-6 -2( .*77/) 506# &'()*8
+,-,!. +,)/++ 73*,,/( * /) ,9/ 3!2/+ :; -2( <= >*) -314!2- 5.6 -2( .*77/)
5(6 ?@"A # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # "B
"#$C D/47/)-,1)/ 73*,,/( * /) ,9/ )-(!-3 (!+,-2./ !2 ,9/ 4!(8,9!.E2/++ *> ,9/
+7/.!4/2 >*) ,9/ (!ﬀ/)/2, -773!/( 7)/++1)/+ .*471,/( 0' G*2H  ! "#$?I$A # "J
"#$K D/47/)-,1)/ -2( )/3-,! / (/2+!,' / *31,!*2 L9/2 +!2,/)!2H - T iAl 7*L(/)
0' GMG 7)*./++ # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # "C
@#$ D9/)4-38/3/.,)!.-3 .*173!2H +.9/4/ (1)!2H +7-)E 73-+4- +!2,/)!2H 7)*./++ # IN
@#" <*47-)!+*2 *> ,9/ ,)-2+!,!*2 -)*12( ,9/ !2,/)>-./ 0/,L//2 ,L* +10(*4-!2+
L!,9 -2( L!,9*1, -2!+*,)*7!. 4/+9 -(-7,-,!*2 # # # # # # # # # # # # # # # # I@
@#@ O/7)/+/2,-,! / +.9/4/ *> ,9/ )/4/+9/( P*2/ -)*12( ,9/ !2,/)>-./ L!,9 ,9/
.*))/+7*2(!2H 7-)-4/,/)+ # # # # # # # # # # # # # # # # # # # # # # # # # # # II
@#I 2D H/*4/,)' L!,9 0*12(-)' .*2(!,!*2+ *> ,9/ /3/.,)!.-3 7)*03/4 # # # # # # BN
@#B 2D H/*4/,)' L!,9 ,L* 4-,/)!-3+ -2( ,9/ 0*12(-)' .*2(!,!*2+ *> ,9/ ,9/)4-38
/3/.,)!.-3 7)*03/4 # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # B$
@#J Q-)!-,!*2 *> /3/.,)!.-3 7*,/2,!-3 -3*2H ,9/  /),!.-3 (!)/.,!*2 # # # # # # # # # B"
@#% =!+,)!01,!*2 *> ,9/ ,/47/)-,1)/ 5
◦C6 !2 ,9/ ,L* (*4-!2+ # # # # # # # # # # B@
@#C <*47-)!+*2 *> ,9/ .*471,-,!*2-3 /))*)+ *2 ,9/ /3/.,)!.-3 7*,/2,!-3 1+!2H
-)!,94/,!. 4!R!2H 3-L -2( -2 9-)4*2!. 4!R!2H 3-L >*) ,9/ /3/.,)!.-3 .*28
(1.,! !,' # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # B@
@#K S/*4/,)' *> ,9/ -77-)-,1+ .*2+!(/)/( !2 *)(/) ,* .*47-)/ L!,9 3!,/)-,1)/
?@A -2( ,9/  -)!-,!*2 *> ,9/ ,/47/)-,1)/ !47*+/( -, ,9/ 3*L/) -2( 177/)
+1)>-./ *> H)-79!,/ +7-./)+ # # # # # # # # # # # # # # # # # # # # # # # # # # # BB
@#$N O/7)/+/2,-,!*2 *> ,9/ @= H/*4/,)' L!,9 -2 * /) !/L *2 ,9/ 4/+9 L!,9
-2!+*,)*7!. )/4/+9!2H -)*12( ,9/ 7*L(/)T(!/ !2,/)>-./ # # # # # # # # # # # BJ
@#$$ U2ﬂ1/2./ *> ,9/ /3/.,)!.-3 .*2(1.,! !,!/+ *2 ,9/ (!+,)!01,!*2 *> ,9/ 2*)4 *>
.1))/2, (/2+!,' L9/2 ,9/)4-3 (/7/2(/2.' !+ 2/H3/.,/( # # # # # # # # # # # # B%
@#$" O-(!-3  -)!-,!*2 *> ,9/ (/2+!,' *> ,9/ /3/.,)!.-3 .1))/2, >*) ,9/ ,9)// +-473/+W
2!.E/3X H)-79!,/ -2( -314!2- >)*4 ,9/ ./2,)/ *> ,9/ +-473/ ,*L-)(+ ,9/ /(H/
*> ,9/ (!/X -, 4!(89/!H9, *> ,9/ +-473/ # # # # # # # # # # # # # # # # # # # # B%
@#$@ O-(!-3  -)!-,!*2 *> ,9/ /3/.,)!.-3 .1))/2, (/2+!,' >*) 2!.E/3 +7/.!4/2 >)*4
,9/ ./2,/) *> ,9/ +-473/ ,*L-)(+ ,9/ /(H/ *> ,9/ (!/ >*) (!ﬀ/)/2, ,9!.E2/++
.*2+!(/)/( !2 ,9/ 4!R!2H 3-L+ >*) ,9/ /3/.,)!. .*2(1.,! !,' 5YZ1-,!*2 @#%6 # BC
@#$I =!+,)!01,!*2 *> ,9/ +*1)./ ,/)4 *> ,9/ 9/-, /Z1-,!*2 !2+!(/ ,9/ +!473!ﬁ/(
GMG -77-)-,1+ # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # BK
@#$B =!+,)!01,!*2 *> ,9/ +*1)./ ,/)4 *> ,9/ 9/-, /Z1-,!*2 -3*2H ,9/  /),!.-3
(!)/.,!*2 *> ,9/ -77-)-,1+ -2( - P**4 !2+!(/ ,9/ +-473/ # # # # # # # # # # JN
@#$J D/47/)-,1)/ / *31,!*2 L!,9 ,!4/X -, ,9/ ./2,/) *> ,9/ +7/.!4/2 5r =
0mm, H = 5mm6 -2( -, ,9/ ./2,/) *> ,9/ 7!+,*25r = 0mm, H = 10mm6 # J$
@#$% D!4/ / *31,!*2 *> ,/47/)-,1)/ (!+,)!01,!*2 5
◦C6 >*) 2!.E/3 +-473/ # # # # # J$
 !
"#$% &'()*+ ,'- '. CimLibr /01+(*2 +1,32/, *-4 56*73, +1,32/, 8"9: ;1()1+*<
/3+1 )2'//14 *2'-= /01 >1+/ ?*2 4 +1?/ '- '. /01 *))*+*/3, .'+ @ ?A12 ,)1? (1- BC
"#$D &'()*+ ,'- '. CimLibr /01+(*2 +1,32/, *-4 56*73, +1,32/, 8"9: ;1()1+<
*/3+1 )2'//14 *2'-= /01 >1+/ ?*2 4 +1?/ '- '. /01 *))*+*/3, .'+ E+*)0 /1
,)1? (1- # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # BC
"#CF &'()*+ ,'- '. CimLibr /01+(*2 +1,32/, *-4 56*73, +1,32/, 8"9: ;1()1+*<
/3+1 )2'//14 *2'-= /01 >1+/ ?*2 4 +1?/ '- '. /01 *))*+*/3, .'+ *23( -* ,)1? (1- B"
"#C$ G*+ */ '- '. )0H, ?*2 )+')1+/ 1, '. - ?A12 I /0 /1()1+*/3+1 8$C9 # # # # # # # BJ
"#CC ;1()1+*/3+1 )+'ﬁ21 L - KM *2'-= /01 *))*+*/3, ?'-, 41+ -= * - ?A12 ,)1? <
(1- I /0 /01+(*2 41)1-41-/ )0H, ?*2 )+')1+/ 1,: *M t = 1 ,N 6M t = 5 ,N ?M
t = 300 ,N # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # BO
"#C" &'()*+ ,'- '. /1()1+*/3+1 1>'23/ '- I /0 / (1 I01- ?'-, 41+ -= ?'-,/*-/
)0H, ?*2 )+')1+/ 1, '+ /1()1+*/3+1 41)1-41-/ )0H, ?*2 )+')1+/ 1, # # # # # # BB
"#CJ "P E1'(1/+H 3,14  - /01 , (32*/ '-, I /0 /01 (1,0 =1-1+*/14 *-4 * Q''(
 - /01 +1= '- '. /01 ,*()21 ,0'I -= /01 +1ﬁ-14 121(1-/, *+'3-4 /01 ,*(<
)21R(*/+ !  -/1+.*?1M # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # BS
"#CO T21?/+ ?*2 ?'-43?/ > /H '. /01 =2'6*2 , (32*/14 *,,1(62H# ;01 4 ﬀ1+1-/
?'()'-1-/, L -?234 -= /01 ; 52 4 ,? ,*()21 */ /01 ?1-/1+M ?*- 61 4 ,/ -<
=3 ,014 /0+'3=0 /01 4 ,)2*H '. /01 4 ,/+ 63/ '- '. /01 + 121?/+ ?*2 ?'-43?<
/ > /H LΩ−1 ·m−1M # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # B%
"#CB P ,/+ 63/ '- '. /01 41-, /H '. /01 121?/+ ? ?3++1-/ LA.m−2M # # # # # # # # # # B%
"#CS T>'23/ '- '. /01 121?/+ ?*2 ?'-43?/ > /H L
1
Ω·mM '. =+*)0 /1N T iAl *-4 *23( -*
I /0 /1()1+*/3+1 # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # BD
"#C% G*+ */ '- '. /01 ?3++1-/ 41-, /H *2'-= /01 +*4 *2 4 +1?/ '- .+'( /01 ?1-/1+
'. ,)1? (1- 3) /' /01 14=1 '. /01 4 1 LA/mm2M # # # # # # # # # # # # # # # SF
"#CD &'()*+ ,'- '. /01 >*+ */ '- '. /1()1+*/3+1 *2'-= /01 >1+/ ?*2 *! , .'+ /01
T iAl ,*()21 1>1+H 10 , # # # # # # # # # # # # # # # # # # # # # # # # # # # # # SF
"#"F &'()*+ ,'- '. /01 4 ,/+ 63/ '- '. /1()1+*/3+1 *2'-= /01 >1+/ ?*2 *! , .'+
/01 T iAl ,*()21 # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # S$
"#"$ G*+ */ '- '. /1()1+*/3+1  - /01 +*4 *2 4 +1?/ '-  - T iAl ,)1? (1- *-4
=+*)0 /1 4 1 *./1+ $F , *-4 "FF , # # # # # # # # # # # # # # # # # # # # # # # # S$
"#"C G*+ */ '- '. /1()1+*/3+1  - /01 +*4 *2 4 +1?/ '- '. /01 *23( -* ,)1? (1-
*./1+ $F , *-4 "FF , # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # SC
J#$ V !"#$ﬁ&'($)" *'+ ,)- './*$"/* +)01!- V8C%9 # # # # # # # # # # # # # # # # %$
J#C &'()*+ ,'- '. /01 1!)1+ (1-/*2 *-4 ﬁ- /1 121(1-/ +1,32/, 6H /01 ('412,
'. 56'3*. *-4 W?W11A -=  ,,314 .+'( /01 I'+A '. X ( *-4 Y1'- 8CF9 # # # %C
J#" Z?01(*/ ? +1)+1,1-/*/ '- '. /01 >*+ */ '- '. ?'1ﬃ? 1-/, c *-4 f >1+,3, /01
+12*/ >1 41-, /H # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # %J
J#J ;1/+*014+*2 P1+, P1 ( - <121(1-/ # # # # # # # # # # # # # # # # # # # # # # # %S
J#O \'I41+ 3- *! *2 ?'()*?/ '- # # # # # # # # # # # # # # # # # # # # # # # # # # D$
  !"# $% &!'()*"
!"# $%&'()*+% &, -.+ '+/-01() 1&23&4+4- &, '+)&10-5 (46 '+)&10-5 '+1-&/%7 (8 (-
t = 0 s (46 98 t = 15 s " " " " " " " " " " " " " " " " " " " " " " " " " " " " " :;
!"< =+/-01() %-/+%% >04 ?(8 3)&--+6 &'+/ -02+ 1&23*-+6 @0-. CimLibr (46 (4A
()5-01())5 @0-. c (46 f 1&4%-(4- " " " " " " " " " " " " " " " " " " " " " " " " :;
!"B C&23(/0%&4 &, -.+ /(60*% +'&)*-0&4 @0-. -02+ @.+4 1&23*-+6 @0-. C02D09
(46 (4()5-01())5 " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " :!
!": =+/-01() %-/+%% >04 ?(8 3)&--+6 &'+/ -02+ 1&23*-+6 @0-. CimLibr (46 R2Sol
@.+4 c (46 f (/+ *36(-+6 (11&/604E -& 6+4%0-5 +'&)*-0&4 " " " " " " " " " " :F
!"GH ?&@6+/ 60+ 1&23(1-0&4 " " " " " " " " " " " " " " " " " " " " " " " " " " " " " :F
!"GG =+/-01() '+)&10-5 ﬁ+)6 0%&'()*+% (46 '+)&10-5 '+1-&/% ,&/ 3&@6+/ 60+ 1&2A
3/+%%0&4 @.+4 c (46 f (/+ 1&4%-(4-7 (8 (- t = 0 s (46 98 (- t = 20 s " " " " :#
!"GJ =+/-01() %-/+%% 3)&--+6 &'+/ -02+7 1&23(/0%&4 9+-@++4 CimLibr /+%*)-% (46
(4()5-01 %&)*-0&4 ,&/ 3&@6+/ 60+ 1&23/+%%0&4 @.+4 c (46 f (/+ 1&4%-(4- " " :<
!"G; =+/-01() %-/+%% (46 /+)(-0'+ 6+4%0-5 3)&--+6 &'+/ -02+7 1&23(/0%&4 9+-@++4
CimLibr /+%*)-% (46 (4()5-01 %&)*-0&4 1()1*)(-+6 @0-. K(-)(9 ,&/ 3&@6+/
60+ 1&23/+%%0&4 @.+4 c (46 f (/+ *36(-+6 @0-. 6+4%0-5 " " " " " " " " " " " :B
!"G! ;L E+&2+-/5 1&4%06+/+6 04 -.+ +*)+/0(4 (33/&(1. ,&/ %&)'04E -.+ 3&@6+/ 60+
1&23(1-0&4 -+%- @0-. -.+ 2+%. (4 (40%&-/&301 +)+2+4-% 04 -.+ 4+0E.9&/.&&6
&, -.+ 04-+/,(1+ " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " ::
!"GF =+/-01() %-/+%% 3)&--+6 &'+/ -02+7 1&23(/0%&4 9+-@++4 CimLibr /+%*)-%
*%04E )(E/(E0(4 (46 +*)+/0(4 (33/&(1. (46 (4()5-01 %&)*-0&4 ,&/ 3&@6+/ 60+
1&23/+%%0&4 @.+4 c (46 f (/+ 1&4%-(4- " " " " " " " " " " " " " " " " " " " " GHH
!"G# M+&2+-/5 &, -.+ N?N %+-A*3 @0-. -.+ E+4+/(-+6 2+%. *%+6 04 -.+ %02*)(-0&4
(46 ( O&&2 04 -.+ /+E0&4 &, -.+ %(23)+ %.&@04E /+ﬁ4+6 +)+2+4-% (/&*46
-.+ %(23)+P2(-/0 04-+/,(1+ >/(60*% &, -.+ %(23)+ 18mmQ &, -.+ 2(-/0 
35mm8 " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " GHG
!"G< R+%&)*-0&4 ()E&/0-.2 " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " GH;
!"GB S (23)+ &, ( 2D E+&2+-/5 @0-. (46 @0-.&*- -.+ '&06 (/&*46 -.+ 2&*)6
%.&@04E -.+ (40%&-/&301 +)+2+4-% (66+6" " " " " " " " " " " " " " " " " " " " GH!
!"G: R+E0&4% &, -.+ E+&2+-/5 %02*)(-+6 @.+/+ 2+%. '+)&10-5 0% 1&4-/&))+6 -&
*36(-+ -.+ 1&&/604(-+% " " " " " " " " " " " " " " " " " " " " " " " " " " " " " GHF
!"JH R+E0&4% &, -.+ E+&2+-/5 %02*)(-+6 @.+/+ 2+%. '+)&10-5 0% 1&4-/&))+6 -& *3A
6(-+ -.+ 1&&/604(-+%7 ( O&&2 &4 -.+ -&3 1&/4+/ @.+/+ -.+ 30%-&4 3+4+-/(-+%
04 -.+ 2&*)6 " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " GH#
!"JG T+23+/(-*/+ '(/0(-0&4 ()&4E -.+ '+/-01() ( 0% ,&/ -.+ T0U) %(23)+ ,&/ 60,A
,+/+4- -02+ %-+3% %.&@04E -.+ +ﬀ+1- &, -.+ %522+-/5 " " " " " " " " " " " " " GH#
!"JJ T+23+/(-*/+ 0%&'()*+% >04 W8 (,-+/ 900 s @.+4 -.+ %522+-/5 0% 4& )&4E+/
/+%3+1-+6 " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " " GH<
!"J; T+23+/(-*/+ '(/0(-0&4Q 1&4%0%-+415 '(/0(-0&4 (46 /+)(-0'+ 6+4%0-5 ()&4E -.+
'+/-01() ( 0% 04%06+ -.+ T0U) %(23)+ (- t = 900s " " " " " " " " " " " " " " " GHB
 !
"#$" %&'!&( )&*!&+!,- ,. /0**1-+ '1-2!+3 451- /,-2!'1*!-6 ,* -16(1/+!-6 +51 '17
81-'1-/1 ,- +51 8,*,2!+3 ,. +51*9&( &-' 1(1/+*!/&( /,-'0/+!)!+!12 # # # # # # :;<
"#$= %&'!&( )&*!&+!,- ,. +51 2,0*/1 +1*9 ,. 51&+ 1>0&+!,- &+ :;; 2 451- /,-2!'7
1*!-6 ,* -16(1/+!-6 +51 '181-'1-/1 ,- +51 8,*,2!+3 # # # # # # # # # # # # # # ::;
"#$? @&*!&+!,- ,. +51 +51*9&( &-' 1(1/+*!/&( /,-'0/+!)!+!12 4!+5 *1(&+!)1 '1-2!+3
451- +1981*&+0*1 !2 ﬁ 1' &+ 1000◦C # # # # # # # # # # # # # # # # # # # # # :::
"#$B %&'!&( )&*!&+!,- ,. +1981*&+0*1 &+ '!ﬀ1*1-+ +!91 2+182 451- /,-2!'1*!-6 ,*
-16(1/+!-6 +51 '181-'1-/1 ,- +51 8,*,2!+3 # # # # # # # # # # # # # # # # # # ::$
=#: D!2+*!E0+!,- ,. +51 8,*,2!+3 ,- & (,-6!+0'!-&( 21/+!,- ,. +51 8,4'1* /3(!-'1*
&+ T = 1050◦C .,* &- !-+1**08+1' FGF /3/(1 # # # # # # # # # # # # # # # # # :$:
=#$ H*&85!/ *18*121-+&+!,- ,. +51 '!ﬀ1*1-+ .*!/+!,- (&42 # # # # # # # # # # # # # :$I
=#I F/5191 ,. +51 61,91+*3 /,-2!'1*1' !- +51 4,*J ,. K0--!-65&9  ! "#$ L=M
+, '1+1*9!-1 +51 .*!/+!,- /,1ﬃ/!1-+ # # # # # # # # # # # # # # # # # # # # # # :$=
=#" H1,91+*3 &-' '!91-2!,-2 ,. +51 21+ 08 &-' &-!2,+*,8!/ 9125!-6 &*,0-'
+51 !-+1*.&/1 # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # :$B
=#= F/519&+!/ *18*121-+&+!,- ,. +51 E,0-'&*3 (&31* # # # # # # # # # # # # # # # :$O
=#? H1,91+*3 ,. +51 21+ 08 4!+5 +51 !-+1*91'!&+1 (&31* !-/,*8,*&+1' E1+411-
+51 9,0(' &-' 8,4'1* # # # # # # # # # # # # # # # # # # # # # # # # # # # # # :$<
=#B H1,91+*3 ,. +51 P&6*&-6!&- 9,'1( 4!+5 +51 '!91-2!,-2 ,. +51 8,4'1*
/3(!-'1* # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # :I;
=#O G*,ﬁ(1 ,. +51 )1*+!/&( )1(,/!+3 !- +51 2&98(1 /,980+1' 4!+5 +51 P&6*&-6!&-
&88*,&/5 !98,2!-6 & .*!/+!,- /,-'!+!,- .,* +5*11 '!ﬀ1*1-+ /,1ﬃ/!1-+ αf1 =
0.7Q αf2 = 1.5 &-' αf3 = 3.5 # # # # # # # # # # # # # # # # # # # # # # # # # # :I:
=#< %18*121-+&+!,- ,. +51 *19125!-6 &*,0-' +51 !-+1*.&/1 &-' +51 E,0-'&*3
(&31*# R- +51 E,++,9 *120(+!-6 /,-2!2+1-/3 .*,9 9! !-6 (&4 ?#=: SPa.s−mT#
U51 /,(,0*1' &-!2,+*,8!/ 1(191-+2 &*1 !-+1*/18+1' E3 +51 !-+1*.&/1 # # # # # :I$
=#:; K,-+,0* (!-12 ,. +51 )1*+!/&( )1(,/!+3 Sm/sT.,* +51 V0(1*!&- &-' P&6*&-6!&-
9,'1( &-' (!-12 *18*121-+!-6 +51 8(,+ 8,!-+2 # # # # # # # # # # # # # # # # # :II
=#:: @1*+!/&( )1(,/!+3 8(,++1' ,)1* +51 )1*+!/&( '!2+&-/1 S&+ r = 17.5mmQ 6*11-
(!-1TW +51 *120(+2 !2201' .*,9 +4, 2!90(&+!,-2 02!-6 +51 V0(1*!&- 9,'1( .,*
+4, /,-2!2+1-/!12 &-' & ﬁ 1' +5!/J-122 e = 1.07 99 &*1 /,98&*1' 4!+5
+51 *120(+2 !2201' .*,9 +51 P&6*&-6!&- 9,'1( .,* αf = 1.5 # # # # # # # # # :I"
=#:$ K,98&*!2,- ,. +51 )1*+!/&( )1(,/!+3 8(,++1' ,)1* +51 *&'!&( '!2+&-/1 S&+
z = 10mmQ *1' (!-1T .,* αf = 1.5 !- +51 P&6*&-6!&- 9,'1( &-' e = 1.07mm
!- +51 V0(1*!&- 9,'1( &-' .,* +4, /,-2!2+1-/!12 # # # # # # # # # # # # # # # :I"
=#:I X,,9 ,. +51 /5&*+ ,. Y!60*1 =#:$ &+ +51 *16!,- ,. +51 !-+1*.&/1 E1+411- +51
8,4'1* &-' E,0-'&*3 (&31* +, +51 +*&-2!+!,- ,. +51 )1*+!/&( )1(,/!+3 # # # # :I=
=#:" D!2+*!E0+!,- ,. +51 )1*+!/&( )1(,/!+3 /,980+1' 02!-6 +51 V0(1*!&- &88*,&/5
&-' & Z,,9 ,- +51 +*&-2!+!,- !-2!'1 +51 (&31* .,* αf = 1.5 # # # # # # # # # :I=
 !!  !"# $% &!'()*"
"#$" %&'()'&*+, +--.- )/!01 + 2-+//!.0 "#34 5.- αf = 0.7 &0, e = 2.2mm *+/*!01
,!ﬀ+-+0* (.0/!/*+0(!+/ K˜ !0 *7+ 8.)0,&-9 '&9+- # # # # # # # # # # # # # # # # $3:
"#$: ;&-!&*!.0 .5 *7+ /+'+(*+, K˜ <+-/)/ *7+ ,!ﬀ+-+0* 5-!(*!.0 (.+ﬃ(!+0* 5.- *7+
*7-++ ﬁ +, *7!(?0+//+/ @7+-+ 1!<+0 !0 AAB # # # # # # # # # # # # # # # # # # $3C
"#$C D7+ !0<+-/+ &'1.-!*7A )/+, 5.- *7+ !,+0*!ﬁ(&*!.0 .5 *7+ 2&-&A+*+-/ .5 *7+
5)0(*!.0/ f1 .- f2 .- f3E .0(+ !,+0*!ﬁ+, *7+ 5)0(*!.0 1!<!01 *7+ '.F+/* +--.-
!/ (7./+0 '&*+- .0 5.- )'*+-!.- F.-?/ # # # # # # # # # # # # # # # # # # # # # # $3G
"#$G D7+ !0*+-<&' .5 !0!*!&' ,&*& .5 x = (a, b, c) 5.- A!0!A!H!01 *7+ (./* 5)0(*!.0
.5 f3 # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # $3G
"#$I J!ﬀ+-+0* /*&-*!01 2.!0*/E (./* 5)0(*!.0/ &0, !,+0*!ﬁ+, 2&-&A+*+-/ .5 *7+
5)0(*!.0 f3 # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # $3I
"#KL J!ﬀ+-+0* /*&-*!01 2.!0*/E (./* 5)0(*!.0/ &0, !,+0*!ﬁ+, 2&-&A+*+-/ .5 *7+
5)0(*!.0 f3 # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # $4L
:#$ M+N)!-+, + 2+-!A+0*/ !0 .-,+- *. !,+0*!59 *7+ 5.)- 5)0(*!.0/ .5 *7+ O8.)&5
A.,+' 5.- (.A2-+//!8'+ <!/(.2'&/*!(!*9 # # # # # # # # # # # # # # # # # # # # # $4G
:#K P &A2'+ .5 *7+ ()-<+ .5 /*-+// 2'.**+, .<+- *7+ /*-&!0 -&*+ 5.- & 1!<+0
*+A2+-&*)-+ # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # $4I
:#3 Q*-+// 2'.**+, .<+- *7+ /*-&!0 -&*+ 5.- ,!ﬀ+-+0* *+A2+-&*)-+/# M+/)'*/ *&?+0
5-.A '!*+-&*)-+ # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # $"L
:#4 R-+//)-+ &0, *+A2+-&*)-+ 2-.ﬁ'+/ &22'!+, !0 *7+ !,+0*!ﬁ(&*!.0 + 2+-!A+0*/ $"L
:#" S.* !/./*&*!( 2-+//!01 # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # $"$
:#: D7+ -+'&*!<+ ,+0/!*9 2'.**+, .<+- *!A+ 5.- +&(7 (.)2'+ (T, P )# T+&/)-+U
A+0*/ !//)+, 5-.A !0*+--)2*+, *+/*/ &-+ !0*+-2.'&*+,E *7+ 5)0(*!.0/ &''.F
(.A2)*!01 *7+ ,+-!<&*!<+ ρ˙r &0, *7+ O8.)&5 5)0(*!.0 f V:W # # # # # # # # # $"3
:#C O8.)&5 5)0(*!.0 2'.**+, .<+- *7+ -+'&*!<+ ,+0/!*9 V:W # # # # # # # # # # # # # $"3
:#G D-!& !&' (.A2-+//!.0 *+/* F!*7 (.0/*&0* '&*+-&' 2-+//)-+ # # # # # # # # # # # $"3
:#I D7+ R&*+-/.0 A&(7!0+ '.(&*+, &* RX !0/*!*)*+ # # # # # # # # # # # # # # # # # $":
:#$L M+2-+/+0*&*!<+ /(7+A+ .5 *7+ R&*+-/.0 A&(7!0+ # # # # # # # # # # # # # # # $"C
:#$$ D7+ /+* )2 !0/!,+ .5 *7+ A&(7!0+ # # # # # # # # # # # # # # # # # # # # # # # $"C
:#$K D+A2+-&*)-+ &0, 2-+//)-+ &22'!+, !0 *7+ /!A)'&*!.0 .5 7.* !/./*&*!( (.AU
2-+//!.0 # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # $"G
:#$3 ;&-!&*!.0 .5 *+A2+-&*)-+E 2-+//)-+ &0, 2.-./!*9 F7+0 *7+ /'.2+ .5 2-+//)-+
!/ 5MPa/s &0, *7+ /'.2+ .5 *+A2+-&*)-+ 0.1◦C/s # # # # # # # # # # # # # # $:L
:#$4 ;&-!&*!.0 .5 *+A2+-&*)-+E 2-+//)-+ &0, 2.-./!*9 F7+0 *7+ /'.2+ .5 2-+//)-+
!/ 5MPa/s &0, *7+ /'.2+ .5 *+A2+-&*)-+ 20◦C/s # # # # # # # # # # # # # # $:$
:#$" %.A2&-!/.0 .5 *7+ +<.')*!.0 .5 *7+ &<+-&1+ 2.-./!*9 F!*7 *!A+ F7+0 &2U
2'9!01 ,!ﬀ+-+0* A& !A)A 2-+//)-+ # # # # # # # # # # # # # # # # # # # # # # $:$
:#$: %.A2&-!/.0 .5 *7+ +<.')*!.0 .5 *7+ &<+-&1+ 2.-./!*9 F!*7 *!A+ 5.- ,!ﬀ+-+0*
(.+ﬃ(!+0*/ kf &0, α # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # $:K
 !!!
"#$% & '()!*(+,-. /(0!1+ ')2'20(/ -, 3&4&5 ,2 !/(+,!67 892:6 6:+;,!2+0 :0!+1
,<( =-,()02+ *-;<!+( # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # $">
"#$? @<-'( 26 ,<( 0-*'.( -6,() -''.7!+1 ,<( ')(00:)( A100MPaB ,<(+ 200MPaB
,<(+ 300MPa /:)!+1 30*!+ 62) (-;<C -, )22* ,(*'()-,:)(# D+!,!-. /(+0!,7
71.74% # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # $"E
"#$F G<( 0(, :' H<(+ ,<( ( '()!*(+, !0 !+,()):',(/ -, 680◦CB ,<( ;!);.( 0<2H0
,<( ;)-;I ,<-, 2;;:)0 -+/ ;-:0(0 ,<( .(-I # # # # # # # # # # # # # # # # # # # $"J
"#KL G<( ( '()!*(+, 0(, :' H<(+ !+,()):',(/ -, 600◦C 9(;-:0( 26 ,<( -.:*!+!:*
;2M() 9)(-IB ,<( .(-I *-)I !0 M!0!9.( 2+ ,<( '<2,2 26 ,<( 92,,2* # # # # # # $""
"#K$ =<2,21)-'<0 26 ,<( ( '()!*(+,-. 0(, :'N φ = 8mmB φ = 36mm H!,< ,<(
1)-'<!,( 6(., 9(62)( <(-,!+1 -+/ φ = 36mm H!,< ,<( 1)-'<!,( 6(., -, t = 15
*!+ # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # $"%
"#KK O!*(+0!2+0 26 ,<( 0-*'.(0 -+/ ,22.!+1# PQN ,<( <(!1<, 26 ,<( 0-*'.( !0
)(.-,!M( ,2 !,0 /(+0( 0,-,( -, ,!*(= 0 # # # # # # # # # # # # # # # # # # # # # $"?
"#K> @=@ ;7;.(0 -''.!(/ 2+ @-*'.( 8N h = 13.6mmB Φ = 8mm -+/ :0(/ !+ ,<(
!/(+,!ﬁ;-,!2+ ( '()!*(+,0 # # # # # # # # # # # # # # # # # # # # # # # # # # # $"?
"#KE @=@ ;7;.(0 -''.!(/ 2+ @-*'.( QN h = 8mmB Φ = 36mm -+/ :0(/ !+ ,<(
!/(+,!ﬁ;-,!2+ ( '()!*(+,0 # # # # # # # # # # # # # # # # # # # # # # # # # # # $"F
"#KJ @=@ ;7;.(0 -''.!(/ 2+ @-*'.( 3N h = 3mmB Φ = 36mm -+/ :0(/ !+ ,<(
!/(+,!ﬁ;-,!2+ ( '()!*(+,0 # # # # # # # # # # # # # # # # # # # # # # # # # # # $"F
"#K" S(')(0(+,-,!M( 0;<(*( 26 ,<( <(!1<, (M2.:,!2+ /:)!+1 ;2*'-;,!2+ # # # # # $%L
"#K% &M2.:,!2+ 26 ,<( ,)!-. ,(0, /!0'.-;(*(+, H!,< ,!*( H<(+ ,<( 0(, :' !0
;2*'20(/ 26 ,<( ,22.!+1 ;2))(0'2+/!+1 ,2 ,<( 0-*'.( 8 φ = 8mm -+/
hf = 13.6mm # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # $%$
"#K? &M2.:,!2+ 26 ,<( ,)!-. ,(0, /!0'.-;(*(+, H!,< ,!*( H<(+ ,<( 0(, :' !0
;2*'20(/ 26 ,<( ,22.!+1 ;2))(0'2+/!+1 ,2 ,<( 0-*'.( Q φ = 36mm -+/
hf = 8mm # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # $%K
"#KF &M2.:,!2+ 26 ,<( /!0'.-;(*(+, /:)!+1 ,<( ,)!-. ,(0, -+/ /:)!+1 0!+,()!+1 ,<(
φ8 0-*'.( H!,< -+/ H!,<2:, ;2))(;,!2+ # # # # # # # # # # # # # # # # # # # # $%K
"#>L & '()!*(+,-. )(.-,!M( /(+0!,7 '.2,,(/ 2M() ,!*( 62) ,<( /!ﬀ()(+, !+,()):',(/
;7;.(0 -+/ ,<( M-.:(0 *(-0:)(/ -, ,<( (+/ 26 ,<( ( '()!*(+,0 )(')(0(+,(/
H!,< - *-)1!+ 26 ())2) # # # # # # # # # # # # # # # # # # # # # # # # # # # # # $%>
"#>$ 3:, !+ ,<( ,)-+0M()0( /!)(;,!2+ -, ,<( *!//.( 26 ,<( ,H2 0-*'.(0 !+ 2)/()
,2 *(-0:)( '2)20!,7 /!0,)!9:,!2+ 97 ,<( @&4 # # # # # # # # # # # # # # # # # $%E
"#>K =2)20!,7 /!0,)!9:,!2+ H<(+ ,<( ;7;.(0 -)( !+,()):',(/ -, T = 1050◦C -+/
T = 1110◦C 62) ,<( Φ36/h3 0-*'.( # # # # # # # # # # # # # # # # # # # # # # $%J
"#>> G)-+062)*-,!2+ 26 ,<( @&4 !*-1( ,2 9.-;I -+/ H<!,( :0!+1 ,<( 026,H-)(
U!*' # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # $%"
"#>E U)!/ ;2M()!+1 ,<( !*-1( :0(/ ,2 ;2*':,( ,<( '2)20!,7 )-,( )(')(0(+,(/ 97
,<( '();(+,-1( 26 9.-;I 0'-;( !+ ,<( 0V:-)(0 26 ,<( 1)!/ # # # # # # # # # # # $%"
 !"  !"# $% &!'()*"
#$%& '(!) *+",(!-. /0, !12., 34,) /+ *+153/, /0, 5+(+4!/6 2-) 5+(+4!/6 )!4/(!7
83/!+- (,5(,4,-/,) 34!-. 9(!.!- 4+:/;2(, 8,:+(, 2)<34/1,-/ $ $ $ $ $ $ $ $ $ =>>
#$%# ?@.+(!/01 34,) !- A2/@28 /+ !),-/!:6 ?8+32: :3-*/!+-4 34!-. /0, 2-2@6/!*
4+@3/!+- $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ =>B
#$%> C2(!2/!+- +: ?8+32: :3-*/!+-4 ;!/0 (,@2/!", ),-4!/6 :+( )!ﬀ,(,-/ 4,/ +: 527
(21,/,(4 kf αc $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ =>B
#$%E F"+@3/!+- +: /0, (,@2/!", ),-4!/6 :+( )!ﬀ,(,-/ 4,/ +: 52(21,/,(4 kf 2-) αcG
9- /+5 :+( /0, 4215@, φ8/h13.6 2-) 8+//+1 φ36/h8 $ $ $ $ $ $ $ $ $ $ $ $ =EH
#$%B F"+@3/!+- +: /0, !15+4,) ",@+*!/6 :+( )!ﬀ,(,-/ 4,/ +: 52(21,/,(4 kf 2-) αcG
9- /+5 :+( /0, 4215@, φ8/h13.6 2-) 8+//+1 φ36/h8 $ $ $ $ $ $ $ $ $ $ $ $ =E=
#$IH J+152(!4+- +: /0, ,"+@3/!+- +: (,@2/!", ),-4!/6 1,243(,) )3(!-. /0, )!ﬀ,(7
,-/ !-/,((35/,) *6*@,4 2-) *+153/,) ;!/0 A2/@28 ;0,- 34!-. /0, +5/!131
?8+32: :3-*/!+-4 Kkf = 1.3, αc = 10LG 2L M215@, ? φ8/h13.6N 8L 4215@, O
φ36/h8N *L 4215@, J φ36/h3 $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ =EP
#$I= F 5,(!1,-/2@ ",@+*!/6 2-) !/4 @!-,2(!Q2/!+- ;0,- /,15,(2/3(, (,2*0,4 /0,
660◦C !- /0, 1+3@) ,R3!"2@,-/ /+ 700◦C !- /0, *,-/(, +: /0, 5+;),( :+( /0,
4215@, φ8/h13.6 $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ =E%
#$IP F 5,(!1,-/2@ ",@+*!/6 2-) !/4 @!-,2(!Q2/!+- ;0,- /,15,(2/3(, (,2*0,4 /0,
660◦C !- /0, 1+3@) ,R3!"2@,-/ /+ 700◦C !- /0, *,-/(, +: /0, 5+;),( :+( /0,
4215@, φ36/h8 $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ =E%
#$I% M215@, Φ8/h13.6G S!4/(!83/!+- +: (,@2/!", ),-4!/6 1,243(,) , 5,(!1,-/2@@6
2-) *+153/,) ;!/0 :(!*/!+-@,44 *+-)!/!+- +( ;!/0 :(!*/!+- :+( αf = 1.5 2-)
:+( αf = 3.5G +- /0, @,:/ ;0,- /0, 4215@, 0,!.0/ !4 ,R32@ /+ 17.6mmN !-
/0, *,-/,( ;0,- /0, 4215@, 0,!.0/ !4 ,R32@ /+ 16mm 2-) +- /0, (!.0/ ;0,-
/0, 4215@, 0,!.0/ !4 ,R32@ /+ 14.8mm $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ =E#
#$II M215@, φ8/h13.6G J+152(!4+- +: ),-4!/6 .(2)!,-/N 12 !131 2-) 1!-!7
131 (,@2/!", ),-4!/6 !- /0, 4215@, :+( /0, , 5,(!1,-/2@ (,43@/4 2-) 4!17
3@2/!+-4 ;0,- 2 :(!*/!+-@,44 *+-)!/!+- !4 255@!,)N 2 :(!*/!+- ;!/0 αf = 1.5
2-) 2 :(!*/!+- ;!/0 αf = 3.5 $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ =E#
#$I& M215@, Φ36/h8G S!4/(!83/!+- +: (,@2/!", ),-4!/6 1,243(,) , 5,(!1,-/2@@6
2-) *+153/,) ;!/0 :(!*/!+-@,44 *+-)!/!+- +( ;!/0 :(!*/!+- :+( αf = 6.6 G +-
/+5 h = 9.6mmN +- /0, 8+//+1 h = 8.4mm $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ =EB
#$I# J+152(!4+- +: /0, )!4/(!83/!+- +: (,@2/!", ),-4!/6 !443,) :(+1 /0, , 5,(!7
1,-/ ;0,- 34!-. /;+ )!ﬀ,(,-/ .(!)4 !- 'TAUN /0, 4215@, !4 Φ8/h13.6 :+(
h = 16mmG 2L *+2(4, .(!)N 8Lﬁ-, .(!) $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ =BH
#$I> .,-,(2/,) 1,40 34,) !- /0, 4!13@2/!+- 2-) 2 Q++1 !- /0, (,.!+- +: /0,
4215@, 40+;!-. (,ﬁ-,) ,@,1,-/4 2(+3-) /0, 4215@,W12/(! !-/,(:2*,G 2L
4215@, Φ8/h13.6N 8L 4215@, Φ36/h8 $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ =B%
#$IE MUM 2552(2/34 2-) 2 Q++1 +- /0, 0,2/,) 2552(2/34 ;!/0 /0, .(250!/, :,@/
43((+3-)!-. /0, 1+3@) X%Y $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ =BI
 !
"#$% &'()'*'+,-,.!' */0'1' 23 ,0' 1245678)-(0.,' 3'5, .+,')3-/' # # # # # # # # # 9%$
"#:; &'8.2+* 23 ,0' 8'21',)< *.145-,'6 =0')' 1'*0 !'52/.,< .* /2+,)255'6 ,2
4(6-,' ,0' /22)6.+-,'* # # # # # # # # # # # # # # # # # # # # # # # # # # # # # 9%:
"#:9 >21(-).*2+ 23 ,0' )'845-,'6 ,'1(')-,4)' ,0' ' (').1'+, -+6 ,0' *.145-,.2+9%"
"#:? >21(-).*2+ 23 ,0' )'845-,'6 !'),./-5 *,)'** @',=''+ ,0' ' (').1'+, -+6
,0' *.145-,.2+ # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # # 9%A
"#:B >21(-).*2+ 23 ,0' '!254,.2+ 23 ,0' !'),./-5 !'52/.,< C-D -+6 -!')-8' )'5-,.!'
6'+*.,< C@D @',=''+ *.145-,.2+ -+6 -+6 ' (').1'+,* 32) *-1(5' Φ8/h13.6 # 9%E
"#:$ >21(-).*2+ 23 ,0' '!254,.2+ 23 ,0' !'),./-5 !'52/.,< C-D -+6 -!')-8' )'5-,.!'
6'+*.,< C@D @',=''+ *.145-,.2+ -+6 -+6 ' (').1'+,* 32) *-1(5' Φ36/h8 # # 9%%
"#:: F.*,).@4,.2+ 23 !'),./-5 !'52/.,< 32) *-1(5' Φ36/h8 -+6 - G221 2+ ,0'
,)-+*.,.2+ .+ ,0' @24+6-)< 5-<')H -D!'),./-5 !'52/.,< -+6 @D )'5-,.!' 6'+*.,< ?;;
"#:" F.*,).@4,.2+ 23 )'5-,.!' 6'+*.,< 32) *-1(5' Φ8/h13.6 # # # # # # # # # # # # ?;9
"#:A F.*,).@4,.2+ 23 )'5-,.!' 6'+*.,< 32) *-1(5' Φ36/h8 # # # # # # # # # # # # # ?;9
 !"  !"# $% &!'()*"
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µ¯∇ · −→υ ∇ · −→υ ∗dΩ−
∫
Ω
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∀ ph ∈ Ph, ph =
Ns∑
i=1
piN
l
i
4=8>?7
90" 1511-" 25$*&+%$ bh 0/( &;% 25$#/6"$&/- )'%)"'&+"(<
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H1(Ω) = {ω ∈ L2(Ω),∇ω ∈ [L2(Ω)]3}
L2(Ω) = {ω,
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Ω
ω2dΩ <∞}
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∫
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∫
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τ = −αf ·K · c−m+12 · |−→υg |m−1 · −→υg  !"@F%
 !"! #$%&'()* $+ +,(-.($) () ./& 01'&,(2) 3$)$'(./(- 244,$2-/  !"
#$% &' ($)*%$ K˜ %+$ ,*)'-'%$),. */ %+$ 01.$23 %+$ 1-4 */ %+$ '%&(. -' %* ($ﬁ)$ 1 2$016
%-*) 7$%8$$) %+-' ,*)'-'%$),.3 %+$ %+-,9)$'' */ %+$ 01.$2 1)( %+$ /2-,%-*) ,*$ﬃ,-$)% &'-);
$<=2$''-*) >?@!AB 1)( >?@!!B@
C$),$3 (-ﬀ$2$)% %+-,9)$''$' 1)( /2-,%-*) ,*$ﬃ,-$)%' 12$ ,+*'$)@ E*2 $1,+ ,*&=0$ (αf , e)3
'-4&01%-*)' 12$ ,122-$( *&% %* ﬁ)( %+$ ,*)F$)-$)% K˜@ G+-' K˜ '+*&0( ;$)$21%$ %+$ '14$
'+$12 -) %+$ H&0$2-1) 4*($0 1' -) %+$ #1;21);-1) 4*($0 8+$) 1==0.-); %+$ /2-,%-*) ,*)6
(-%-*) *) %+$ 7*&)(12. */ %+$ =*8($23 /*2 1 ;-F$) αf @ E*2 %+1% 2$1'*)3 %+$ 01.$2 -' 1(($(
1% %+$ 0$F$0 */ %+$ -)%$2/1,$ 1' '$$) -) E-;&2$ ?@I@ G+-' '%&(. 8-00 100*8 %* 1&%*41%-,100.
($(&,$ K˜ /2*4 %+$ F10&$ */ %+$ ,+*'$) %+-,9)$'' e 1)( %+$ ;-F$) αf 8+$) &'-); %+$
H&0$2-1) 1==2*1,+@
E-;&2$ ?@IJ K$*4$%2. */ %+$ '$% &= 8-%+ %+$ -)%$24$(-1%$ 01.$2 -),*2=*21%$( 7$%8$$) %+$
4*&0( 1)( =*8($2
L*2$*F$23 -) %+$ H&0$2-1) 4*($03 '-),$ 1 '-);0$ 4$'+ ,*F$2' %+$ 8+*0$ 1''$470.3 1 4-<-);
018 -' &'$( %* ,*4=&%$ %+$ ,*)'-'%$),. *) %+$ (*41-) Ω@ G+$ ,*)'-'%$),. */ %+$ =*8($2
Kpowder 1)( */ %+$ 01.$2 K˜ 12$ ,*4=&%$( *) %+$ ,*4=&%1%-*)10 (*41-) Ω &'-); 1 4-<-);
018 ($ﬁ)$( =$2 $0$4$)%J
K(Ωe) =
Kpowder|Ωe ∩ Ωp|+ K˜|Ωe ∩ ΩBL|
|Ωe| >?@!MB
|Ωe| 7$-); %+$ F*0&4$ */ %+$ $0$4$)% Ωe3 Ωp %+$ (*41-) ,*F$2$( 7. %+$ =*8($2 1)( ΩBL
%+$ (*41-) ,*F$2$( 7. %+$ 7*&)(12. 01.$2@ N*)'$O&$)%0.3 %+$ =*8($2 1)( %+$ 01.$2 +1F$
%+$-2 1==2*=2-1%$ =2*=$2%. 1)( %+$ $0$4$)% -)%$2,$=%$( 7. %+$ -)%$2/1,$ +1' 1) 1F$21;$
,*)'-'%$),. 8$-;+%$( 7. %+$ F*0&4$'@
P$/*2$ =2$'$)%-); %+$ 2$'&0%' */ %+$ '%&(.3 %+$ #1;21);-1) 4*($0 -' ($',2-7$(@
 !"!# $%&'()*+),- ,. +/% 012(1-2)1- 3,4%5
C$2$3 %+$ 41-) (-ﬀ$2$),$ 8-%+ %+$ H&0$2-1) 1==2*1,+ -' %+1% %+$ ,*4=&%1%-*)10 (*41-)
Ω ,*F$2' *)0. %+$ =*8($2@ G**0' 12$ )*% 4*($0$( 1)( %+$ F$0*,-%. ﬁ$0( -' -4=*'$( *) %+$
 !"  !"#$%& '( )*+%,-./ *0 0&-1$-*. +2&-./ 343 25-./ $!% 62,%&-". "##&*"1!
#$%&'()* $+ ,-. '$/(0& ∂Ω = Γ1
203%). 4156 7.$/.,)* $+ ,-. 8(3)(&30(& /$'.9 :0,- ,-. '0/.&;0$&; $+ ,-. <$:'.) =*90&'.)
>$).$?.)@ ,-. #$%&'()* =$&'0,0$&; $+ ,-. <)$#9./ (). ;%//()0A.' (; +$99$:;6
υz = −0.003mm/s $& ΓUP B41C4D
υz = 0 $& ΓUP B41CED
&$ <.&.,)(,0$& =$&,(=, =$&'0,0$& $& ΓLat B41C5D
2)0=,0$& =$&'0,0$& $& ΓLat B41CFD
G-. +)0=,0$& =$&'0,0$& 0; '.;=)0#.' <).?0$%;9* 0& HI%(,0$& 41C!1 G-. &$J<.&.,)(,0$& =$&J
'0,0$& 0; '.,(09.' 0& K!L@ 0+ α(x, t) '.&$,.; ,-. ;03&.' '0;,(&=. +%&=,0$& ,$ ,-. /$%9'@ ,-.
=$&,(=, ;%)+(=. 0; '.ﬁ&.' (; 6
Γc(t) = {x ∈ Γ(t), α(x, t) > 0} B41CND
O&' ,-. =$&'0,0$& ).;<.=,;6
α(x, t) 6 0 ∀(x, t) ∈ Γc × R+ B41!"D
O+,.) 90&.()0A(,0$& (&' '0ﬀ.).&,0(,0$& $+ ,-. +%&=,0$&@ ,-. &$J<.&.,)(,0$& =$&'0,0$& 0;
).;%/.' ,$6
α(x, t)
∆t
+ (−→υ −−→υm) · ∇α‖∇α‖(x, t) 6 0 ∀(x, t) ∈ Γc × R
+
B41! D
Q$&;.I%.&,9*@ ,:$ ;%)+(=. 0&,.3)(9 (). (''.' ,$ ,-. :.(R +$)/ $+ ,-. /.=-(&0=(9 <)$#9./@
(&' 0& ,-. 8(3)(&30(& (<<)$(=- ,-. <)$#9./ ,$ #. ;$9?.' 0; ;%//()0A.' (; +$99$:;6
20&' (−→υ , p) ∈ (V ,P) ;%=- ,-(, +$) .(=- 0&;,(&, t6


∫
Ω
2µ¯
c
ε˙(υ) : ε˙(υ∗)dΩ−
∫
Ω
2
3c
µ¯∇ · υ∇ · υ∗dΩ−
∫
Ω
p∇ · υ∗dΩ
+
∫
Γc
αf ·K · c−m+12 · |υg|m−1 · υg · υ∗dΓc
+r
∫
Γc
[
αt
∆t
+ (υ − υm) · ∇α
t
‖∇αt‖
]+
υ∗ · ∇α
t
‖∇αt‖dΓc = 0∫
Ω
(
3f
µ¯
p+∇ · υ
)
p∗ = 0 ∀(υ∗, p∗) ∈ (V ,P)
r
K˜(αf , e)
αf1 = 0.7 αf2 = 1.5 αf3 = 3.5
αf1 = 0.7 αf2 = 1.5
αf3 = 3.5
εrem
e
e/2
1.2mm
20
(ei, αf )
K˜(αf )
Pa.s−m
εrem = 2.5mm εrem = 2mm εrem = 1.5mm
e1 = 2.2mm e2 = 1.7mm e3 = 1.07mm ei
εrem
υz
y = 0 z = 10
υz y = 0
x = 17.5 y = 0 x = 9
m/s
K˜
e = 1.07mm
αf = 1.5 υz
K˜ = ccorrectionαfKe
m
ccorrection 1.1 10
1.94 2, 12 K˜
857 935 υz
 !"  !"#$%& '( )*+%,-./ *0 0&-1$-*. +2&-./ 343 25-./ $!% 62,%&-". "##&*"1!
#$%&'( )*  + ,('-$./0 1(02.$-3 402--(5 21(' -6( 1('-$./0 5$7-/8.( 9/- r = 17.5mm: %'((8
0$8(;+ -6( '(7&0-7 $77&(5 <'2= ->2 7$=&0/-$287 &7$8% -6( ?&0('$/8 =25(0 <2' ->2 .287$7@
-(8.$(7 /85 / ﬁB(5 -6$.C8(77 e = 1.07 == /'( .2=4/'(5 >$-6 -6( '(7&0-7 $77&(5 <'2= -6(
D/%'/8%$/8 =25(0 <2' αf = 1.5
-6( 1(02.$-3 ﬁ(05 $87$5( -6( E2&85/'3 0/3('* F6( -6$.C8(77 $8 -6$7 ?&0('$/8 7$=&0/-$28 >/7
7(- -2 1.07mm /85 -6( E2&85/'3 0/3(' $7 .(8-('(5 28 -6( $8-('</.(: >6$.6 =(/87 -6/- /
-6$.C8(77 2< 0.535mm .21('7 -6( 42>5(' (5%(* F6( 5/76(5 0$8( '(4'(7(8-7 -6( (5%( 2< -6(
0/3(': >6(8 .'277$8% -6( $8-('</.( -6( 7024( 2< -6( 1(02.$-3 =25&0( 5(.'(/7(7 7&55(803*
#$%&'( )* G+ H2=4/'$728 2< -6( 1('-$./0 1(02.$-3 402--(5 21(' -6( '/5$/0 5$7-/8.( 9/-
z = 10mm: '(5 0$8(; <2' αf = 1.5 $8 -6( D/%'/8%$/8 =25(0 /85 e = 1.07mm $8 -6(
?&0('$/8 =25(0 /85 <2' ->2 .287$7-(8.$(7
αf = 1.5
r = 10mm r = 17.5mm z = 10mm
Err = 100×
∑
i
(υz Eul(xi)− υz Lag(xi))2∑
i
υ2z Lag(xi)
+
∑
i
(υz Eul(zi)− υz Lag(zi))2∑
i
υ2z Lag(zi)
300 xi
zi
 !"  !"#$%& '( )*+%,-./ *0 0&-1$-*. +2&-./ 343 25-./ $!% 62,%&-". "##&*"1!
#$%&'()* +*,&- ./$ +)%& '0 &/$ 1,203)%4 *)4$% '5 0,& (,05'3$%$3 6,% &/$ ()*(2*)&',0 ,6 &/$
$%%,%-
75'08 &/'5 $9+%$55',0: '& '5 +,55'1*$ &, 3%); 6,% $)(/ (,2+*$ (αf , e) &/$ #)%')&',0 ,6 &/$
$%%,% #$%525 &/$ #)*2$5 &$5&$3 6,% K˜: 6,% $9)<+*$ 6,% (αf , e) = (0.7, 2.2) &/$ #)%')&',0 '5
+%$5$0&$3 '0 ='82%$ >- >-
='82%$ >- >? @)*(2*)&$3 $%%,% 25'08 $9+%$55',0 >-!A 6,% αf = 0.7 )03 e = 2.2mm &$5&'08
3'ﬀ$%$0& (,05'5&$0('$5 K˜ '0 &/$ 1,203)%4 *)4$%
./$ )%%,; +,'0&5 ,2& &/$ *,;$5& $%%,% &/)& '5 %$)(/$3 6,% K˜ = 525MPa- C03 5, ,0: &/$
5'<2*)&',05 )%$ ()%%'$3 ,2& 6,% (αfi, ej) 20&'* K˜ 8'#$5 ) <'0'<2< $%%,%- D,%$ +%$('5$*4: 6,%
$)(/ αf : 3'ﬀ$%$0& &/'(E0$55 e )%$ (/,5$0 )03 &/$0 6,% $)(/ (,2+*$ 3'ﬀ$%$0& K˜ )%$ &$5&$3-
C5 ) %$52*&: &/$ (/)%& ,6 ='82%$ >- " ()0 1$ 3%);0- F& 52<<)%'G$5 &/$ K˜ (/,5$0 6,% $)(/
8'#$0 (,2+*$ (αfi, ej)-
F0 6)(&: )5 5/,;0 '0 &/$ ﬁ82%$: 6,% *,; 6%'(&',0 (,$ﬃ('$0&5: &/$ &/'(E0$55 3,$5 0,& )ﬀ$(&
5'80'ﬁ()0&*4 &/$ #)*2$5 ,6 &/$ 1,203)%4 *)4$% (,05'5&$0(4- =,% αf = 0.7 &/$ #)*2$5 ,6
K˜ (,0#$%8$ 6,% &/$ 3'ﬀ$%$0& &/'(E0$55$5 ;/$%$)5 ) 8)+ ,6 2300MPa '5 ,15$%#$3 1$&;$$0
K˜(e = 2.2) )03 K˜(e = 1.07) 6,% αf = 3.5- J,;$#$%: &/$ $#,*2&',0 ,6 &/$ 1,203)%4
*)4$% (,05'5&$0(4 #)%'$5 *'0$)%*4 6,% $)(/ &/'(E0$55 12& &/$ 5*,+$5 )%$ 3'ﬀ$%$0&- ./$ 5*,+$
'0(%$)5$5 ;'&/ &/$ &/'(E0$55-
F0 )33'&',0: &/$ (/)%& ,6 ='82%$ >- " 5/,;5 ) %$*)&',0 1$&;$$0 &/$ &/%$$ +)%)<$&$%5? K˜:
e )03 αf - =,% &/)& %$)5,0: 3'ﬀ$%$0& $9+%$55',05 )%$ &$5&$3 '0 ,%3$% &, $9+%$55 K˜ )5 )
620(&',0 f ,6 e: αf )03 &/$ +,;3$% (,05'5&$0(4 K- ./)& ;)4: '& ;,2*3 1$ +,55'1*$ &,
25$ &/$ <$&/,3 ,6 &/$ 1,203)%4 *)4$% *)&$% ,0 6,% ,&/$% +%,1*$<5 )03 +%,($55$5- C<,08
,&/$%5: &/$ 6,**,;'08 620(&',05 ;$%$ &$5&$3?
f1 = b ·K · αaf · Exp(e) K>-!>L
f2 = α
a
f · eb ·K K>-!"L
f3 = c · αaf · eb ·K K>-!ML
 !"! #$%&'()* $+ +,(-.($) () ./& 01'&,(2) 3$)$'(./(- 244,$2-/  !"
#$%&'( )* +, -.'$./$01 02 /3( 4(5(6/(7 K˜ 8('4&4 /3( 7$ﬀ('(1/ 2'$6/$01 60(ﬃ6$(1/ 20' /3(
/3'(( ﬁ<(7 /3$6=1(44(4 >3('( %$8(1 $1 ??@
A1 0'7(' /0 $7(1/$2B 60(ﬃ6$(1/4 aC b .17 cC $18('4( .1.5B4$4 $4 .DD5$(7* ”fminsearch”
2&16/$01 02 E./5.F $4 &4(7* A/ 7(/('?$1(4 /3( ?$1$?&? &4$1% /3( G(57('HE(.7 4$?D5(<
4(.'63 .5%0'$/3?C I3$63 $4 . 7('$8./$8(H2'(( 4(.'63 /(631$J&( K !L* M3( $18('4( .5%0'$/3?
$4 60?D04(7 02,
> M3( 7./. 02 /3( 63.'/ 02 #$%&'( )* + I3$63 .'( &4(7 .4 .1 $1D&/ 20' $18('4( .1.5B4$4
.17 /3(B .'( 7(10/(7 K˜cal*
> M3( 6014$4/(16$(4 6.56&5./(7 &4$1% 01( 02 /3( 2&16/$014 f1 0' f2 0' f3 >7(D(17$1% 01
I3$63 2&16/$01 I( .'( 0D/$?$N$1%@ 7(10/(7 K˜opt*
> M3( 604/ 2&16/$01 I3$63 $4 7(ﬁ1(7 .4,
Φ(x) =
∑
i
(
K˜iopt(x)− K˜ical
)2
∑
i
K˜i2cal
. >)*!O@
x F($1% /3( 8(6/0' 02 /3( 8.'$.F5(4 /3./ 1((7 /0 F( $7(1/$ﬁ(7 >aC b .17 c@* P4$1%
/3( .5%0'$/3? 02 #$%&'( )* "C /3( .$? $4 /0 ?$1$?$N( /3( 604/ 2&16/$01 .17 ﬁ17 /3(
D.'.?(/('4 %$8$1% /3( ?$1$?&? (''0' 20' K˜opt*
A1 2.6/C 20' (.63 2&16/$01 fi /3( $18('4( .1.5B4$4 .5%0'$/3? $4 6.''$(7 0&/ ?&5/$D5( /$?(4
20' 7$ﬀ('(1/ 4/.'/$1% 7./.* M3( 8(6/0' x = (a, b) >0' x = (a, b, c) 20' f3@ $4 4(/ $1$/$.55B
./ 7$ﬀ('(1/ 8.5&(4* Q6/&.55BC .2/(' 0D/$?$N./$01 I( 10/$6( /3./ /3( '(4&5/4 0F/.$1(7 7$ﬀ('
7(D(17$1% 01 /3( $1$/$.5 8(6/0' xC .17 /3$4 F(6.&4( . 506.5 .5%0'$/3? $4 &4(7*
 !"  !"#$%& '( )*+%,-./ *0 0&-1$-*. +2&-./ 343 25-./ $!% 62,%&-". "##&*"1!
#$%&'( )* +, -.( $/0('1( 23%4'$5.6 &1(7 84' 5.( $7(/5$ﬁ:25$4/ 48 5.( ;2'26(5('1 48 5.(
8&/:5$4/1 f1 4' f2 4' f3< 4/:( $7(/5$ﬁ(7 5.( 8&/:5$4/ %$0$/% 5.( 34=(15 (''4' $1 :.41(/ 325('
4/ 84' &35('$4' =4'>1
#$%&'( )* ", -.( $/5('023 48 $/$5$23 7252 48 x = (a, b, c) 84' 6$/$6$?$/% 5.( :415 8&/:5$4/
48 f3
@(/:(< 2/ $/5('023 $1 7(ﬁ/(7 21 1((/ $/ #$%&'( )* " 84' 5.( 8&/:5$4/ f3* -.( :44'7$/25(1
48 5.( :&A( 2'( :.41(/ 84' 5.( $/$5$23 7252* -.( '(1&351 48 5.( 4;5$6$?25$4/ 2'( %25.('(7
$/ 5.( 52A3( 48 #$%&'( )* B*
-.( :415 8&/:5$4/ 02'$(1 8'46 0.002 54 0.473< 5.$1 1.4=1 5.25 5(15$/% 7$ﬀ('(/5 152'5$/%
;4$/51 $1 /(:(112'D $/ 4'7(' 54 :.441( 5.( (ﬃ:$(/5 8&/:5$4/* -.( %'((/ 3$/(1 48 5.( 52A3(
'(8(' 54 5.( 34=(15 :415 8&/:5$4/ 5.25 :2/ A( 84&/7 84' 5.( 8&/:5$4/ f3 (F&23 54 0.002* G1
 !"! #$%&'()* $+ +,(-.($) () ./& 01'&,(2) 3$)$'(./(- 244,$2-/  !"
#$%&'( )* "+ ,$ﬀ('(./ 0/1'/$.% 23$./04 530/ 6&.5/$3.0 1.7 $7(./$ﬁ(7 21'19(/('0 36 /:(
6&.5/$3. f3
0((.4 $/ $0 '(15:(7 (15: /$9( 63' x = (1.255, 1, 152)*
#&.5/$3. K˜ ;$.$9&9 (''3'
K˜ = f1 = 0.234Kα
1.27
f Exp(e) 0.073
K˜ = f2 = α
1.39
f e
0.245K 0.043
K˜ = f3 = 152α
1.255
f eK 0.002
<1=>( )* + ?7(./$ﬁ(7 6&.5/$3.0 1.7 /:($' 9$.$9&9 (''3'0 32/$9$@(7 =A $.B('0( 1.1>A0$0
<1=>( )* 0&991'$@(0 /:( '(0&>/0 36 /:( $.B('0( 1.1>A0$0 63' /:( 7$ﬀ('(./ 6&.5/$3.0*
?. 53.5>&0$3.4 /:( 7$ﬀ('(./ /(0/0 0:3C(7 /:1/ f3 %1B( /:( >3C(0/ (''3'* D(.5(4 /:( %(.('E
1>$@1/$3. 36 K˜ $0 (F2'(00(7 10 63>>3C0+
K˜ = 152α1.255f eK G)*!"H
 !"#$!%#&' %()%
<:'(( 0$9&>1/$3.0 1'( 51''$(7 3&/ &0$.% /:( I&>('$1. 937(> $. C:$5: (F2'(00$3. J*)K $0
122>$(7 53.0$7('$.% /:'(( 6'$5/$3. 53(ﬃ5$(./0* ?. 3'7(' /3 B1>$71/( /:( 9(/:374 '(0&>/0
1'( 53921'(7 C$/: /:( M1%'1.%$1. '(0&>/0 7(05'$=(7 2'(B$3&0>A* <1=>( )*N 2'(0(./0 /:(
53(ﬃ5$(./04 /:( 53.0$0/(.5A 36 /:( =3&.71'A >1A(' 1.7 /:( (''3' C:(. 53921'$.% C$/:
M1%'1.%$1. '(0&>/0*
<:( (''3' 63&.7 $. /:( B1>$71/$3. /(0/0 63' e = 2.24 C:(. K˜ $0 5392&/(7 C$/: '(6O/$>7(E
P(.('1>4 :1B( /:( 019( 3'7(' 10 /:( 3.( 5:30(. 2'(B$3&0>A $. #$%&'( )* ) G= 0.19 63' 525
;Q1H* #$%&'( )*NK 2'(0(./0 /:( B('/$51> B(>35$/A 2>3//(7 3B(' /:( '17$1> 7$0/1.5( 5392&/(7
C$/: /:( /:'(( 0$9&>1/$3.0 C:(. B1'A$.% /:( 6'$5/$3. 53(ﬃ5$(./ 1553'7$.% /3 <1=>( )*N*
<:( 710:(7 =>&( >$.( '(2'(0(./0 /:( >$9$/ 23C7('R=3&.71'A >1A('* S0 (F2(5/(74 /:( B1>&(
αf K˜(MPa.s
−m) %
0.7 641 0.11
1.5 1669 0.206
3.5 4831 0.24
e = 2.2
K˜
3000MPa K˜/K αf = 0.7
f3
= 20
 !"! #$%&'()*$%  ! 
"#$%&'()(' &% e = 1.07mm *$' +,( $-./() #0 (1(.($+% &$ +,( +,&"2$(%% &% (3-*1 +# 10
4,()(*% 5)(6&#-%17 4*% ﬁ9(' +# 20: ;,( ())#) #0 +,&% <-1()&*$ %&.-1*+&#$ &% "*1"-1*+(' /7
+,( -%( #0 +,( =*>)*$>&*$ .#'(1 ?%*.( 5)#"('-)( *% 5)(6&#-%17@:
αf K˜(MPa.s
−m) <))#) -%&$>  A (1(.($+% ?%@ <))#) -%&$> BA (1(.($+% ?%@
0.7 312 0.21 0.09
1.5 812 0.23 0.20
3.5 2350 0.22 0.18
;*/1( C:DE F)&"+&#$ "#(ﬃ"&($+H "#$%&%+($"7 #0 +,( /#-$'*)7 1*7() "*1"-1*+(' -%&$> (95)(%I
%&#$ J:CA *$' +,( ())#) )(%-1+&$> 0)#. +,( <-1()&*$ .#'(1 -%&$> 10 *$' 20 (1(.($+%
K% %(($ &$ ;*/1( C:DH (6($ +,#->, +,( ())#) &% %.*11() 4,($ -%&$> 20 (1(.($+%H +,( '&ﬀ()I
($"( &% $#+ ,&>, /(+4(($ /#+, %&.-1*+&#$%: M$ *''&+&#$H ())#)% 0#-$' 4,($ ",*$>&$> +,(
$-./() #0 (1(.($+% +# 10 *)( &$ +,( %*.( )*$>( #0 #)'() *% &$ +,( 5)(6&#-% +(%+%:
K$#+,() 0*"+#) +,*+ .&>,+ &$ﬂ-($"( +,( )(%-1+% &% +,( 5#%&+&#$ #0 +,( /#-$'*)7 1*7()
)(1*+&6(17 +# +,( &$+()0*"( /(+4(($ +,( 5#4'() *$' +,( .#-1': ;,( /#-$'*)7 1*7() .&>,+
/( .#6(' &$+# +,( .#-1' &$ * 4*7 +# "#6() 1(%% +,( 5#4'(): O#)(#6()H .*$7 #+,() 0*"+#)%
"#-1' /( %+-'&('H 1&2( +,( 5#4'() "#$%&%+($"7H +,( .&9&$> 1*4% ?P0 #) P1 +75(@ #) +,(
.(%, %&P(:
F-)+,().#)(H '-)&$> %5*)2 51*%.* %&$+()&$>H +,( +(.5()*+-)( ﬁ(1' &% "#.5-+(': Q#$%(I
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:(& *&' .* <-2%&) .$*.)& 2$ .3,$ %,$'2.$&39 :(& %,$'2.$&3 .* '(&$ <-2%&) .$*.)& '(& +2%(.$&9
 
 !" #$"% &&'() %!*+,) -./.0123 *) 415/67829 +82:6 63 !:6226 #52:6) 4! &;<=>) ?@(>(* ? - "A
B%#B!C #DE%%C$C ,F #696G
 !"! #$%&'(ﬁ*+'(,& ,- '.% /%.+0(,1 2+3 4+1+5%'%167 8%9:(1%$ %;4%1(5%&'6  !"
#$%&'( )* +, -(.'(/(0121$3( /45(6( 78 15( 921('/70 6245$0(
#$%&'( )*  , :5( /(1 &. $0/$;( 78 15( 6245$0(
 !"  !"#$%& '( )*+%&,% "*"-.,/, "*0 #"&"1%$%&, /0%*$/ﬁ3"$/4*
#$% &'(%)*+, -'.$/,% '00+1* ' -'2/-3- 4)%**3)% +5 0.5GPa6 #$% )',7% +5 (%-4%)'(3)%
/* 8%(1%%, 20◦C ',9 1000◦C6 #$% -'2/-3- '2/'0 0+'9 /* 100 kN ',9 ($% -'2/-3- '2/'0
9/*40'.%-%,( /* 30mm6 #$% )',7% +5 ($% *()'/, )'(% /* 8%(1%%, 10−6 ',9 10−2 s−16 #$%
53),'.% 9+%*,:( 1+); 3,0%** ' -/,/-3- 4)%**3)% +5 50MPa /* )%'.$%96 #$% 9/'-%(%)* +5
($% *'-40% .+309 8% 7< 10 +) 15mm6 =( /* ,%.%**')> (+ %,.'4*30'(% ($% *'-40% +) %0*% /(
/* 9/ﬃ.30( (+ (';% /( +3( +5 ($% -+3096 @+1%A%)< ($% 4+19%) .', ,+( 8% 4+3)%9 9/)%.(0>
/, ($% '03-/,/3- .+A%)6 #$/* /* 1$>< /( /* 4)%.+-4'.(%9 /,(+ ' .>0/,9%) )%*4%.(/,7 ($%
.+))%*4+,9/,7 -%'*3)%* +5 ($% -'.$/,% 1/($ ' )%0'(/A% 9%,*/(> %B3'0 (+ 68%6
 !"!#!" $%&&'()'* '+,'-./'0)(
=, +)9%) (+ 9%ﬁ,% ($% ,%%9%9 %24%)/-%,(*< 1% .'))/%9 +3( ,3-%)/.'0 */-30'(/+,* 3*/,7 ($%
ﬁ,/(% %0%-%,( *+5(1')% DEF+0
 
6 #$% 4)%.+-4'.(%9 *'-40% $'* ', /,/(/'0 )'9/3* +5 7mm
',9 ', /,/(/'0 $%/7$( +5 20mm6 #$% /,/(/'0 )%0'(/A% 9%,*/(> /* *344+*%9 (+ 8% 74%6 #$%
T iAl .>0/,9%) /* *38G%.(%9 (+ ' $>9)+*('(/. .+-4)%**/+, '( 9/ﬀ%)%,( .>.0%* +5 (%-4%)'(3)%
',9 4)%**3)%6 #$% 4)%**3)% )',7% /* 5)+- 120 (+ 600MPa ',9 ($% $/7$%*( (%-4%)'(3)%
*/-30'(%9 /* 1000◦C6 #$% 8+3,9')> .+,9/(/+,* '440/%9 (';% /,(+ '..+3,( ($% .'4'./(/%* +5
&'(%)*+, -'.$/,%6 #$% $%'(/,7 )'(% ',9 ($% 4)%**3)% '440/%9 5+00+1 ($% .$')( +5 I/73)%
J6 E6 #$% 4)%**3)% /,.)%'*%* ﬁ)*(< 1$%, /( )%'.$%* 50MPa ($% /,.)%'*/,7 +5 (%-4%)'(3)%
8%7/,*6
I/73)% J6 EK #%-4%)'(3)% ',9 4)%**3)% '440/%9 /, ($% */-30'(/+, +5 $+( /*+*('(/. .+-4)%*L
*/+,
#$% -'(%)/'0 5+00+1* ($% .+-4)%**/80% A/*.+40'*(/. 8%$'A/+) 4)%*%,(%9 4)%A/+3*0>6 #$%
4')'-%(%)* )%0'(%9 (+ ($% 9%,*% *('(% k ',9 m ')% /**3%9 5)+- M/%$  ! "#$ NOP '* 9%*.)/8%9
 
 ! "#$#%& &'&(&$% )*+%,-.& / ! 0'-$& -$1 -2#)3((&%.#456 1&7&'*0&1 -% 89:9" +*. %;& -$-'3)#) *+
)*'#1#ﬁ4-%#*$ 0.*4&))= > ?*' 4*@'1 A& @)&1 %* )#(@'-%& 0*,1&. 4*(0-4%#*$ -) ,&'' )#$4& %;& 7#)4*0'-)%#4
BA*@-+ '-, #) #$%&C.-%&1 #$ #%) (&4;-$#4-' )*'7&.
 !"! #$%&'(ﬁ*+'(,& ,- '.% /%.+0(,1 2+3 4+1+5%'%167 8%9:(1%$ %;4%1(5%&'6  !"
#$ %&'(#)$ *+,+ + -.& &/01&%%#)$% )2 c 3$4 f 31& 3% 2)55)6%7
f = kf
1− ρr
ρr − ρcrit 8*+9":
c = 1 + αf 8*+;<:
ρcrit =&#$> (.& 5)6&%( 1&53(#?& 4&$%#(@ (.3( '3$ =& 1&3'.&4A ﬁ/&4 () 0.65+
 !ﬂ#$!%$ &' ()$ *+&,$* &' ($-,$./(#.$ /!0 ,.$**#.$ C#1%(A (.& ')&ﬃ'#&$(% kf 3$4
α 31& E&0( ')$%(3$(7 kf = 0.4 3$4 α = 6+ -.& #$ﬂG&$'& )2 (.& .&3(#$> 13(& 3$4 (.&
01&%%G1& #$'1&3%#$> 13(& 31& %(G4#&4+ H&%G5(% )2 (.& %#IG53(#)$% 31& 01&%&$(&4 #$ (.& (3=5&%
=&5)6+
J I3/ - I3/ K5)0& )2 J K5)0& )2 - -#I& $&&4&4 2)1 4&$%#ﬁ'3(#)$
400MPa 1000◦C 0.1MPa/s 20◦C/s 3137 s
1MPa/s 877 s
-3=5& *+ 7 L$ﬂG&$'& )2 01&%%G1& %5)0& )$ 4&$%#ﬁ'3(#)$
J I3/ - I3/ K5)0& )2 J K5)0& )2 - -#I& $&&4&4 2)1 4&$%#ﬁ'3(#)$
400MPa 1000◦C 5MPa/s 0.1◦C/s 8391 s 8C#>G1& *+ 9:
20◦C/s 627 s 8C#>G1& *+ ;:
1◦C/s 1397 s
-3=5& *+,7 L$ﬂG&$'& )2 (&I0&13(G1& %5)0& )$ 4&$%#ﬁ'3(#)$
M% %&&$ #$ (3=5& *+ A 6.&$ IG5(#05@#$> (.& %5)0& )2 (.& 01&%%G1& =@ 10A (.& 4&$%#ﬁ'3(#)$ #%
3.5 (#I&% 23%(&1 6.&1&3% 6.&$ IG5(#05@#$> (.& %5)0& )2 (&I0&13(G1& =@ 10 3% #$ (3=5& *+,A
(.& 4&$%#ﬁ'3(#)$ #% 6 (#I&% 23%(&1+ L$ ')$'5G%#)$A #( #% I)1& #$(&1&%(#$> () E&&0 .&3(#$>
13(&% 5)6 4G1#$> (.& #$(&11G0(&4 (&%(% #$ 3 63@ () I&3%G1& 4&$%#(@ &?)5G(#)$ #$ 3 531>&1
#$(&1?35 )2 (#I&+
 !"  !"#$%& '( )*+%&,% "*"-.,/, "*0 #"&"1%$%&, /0%*$/ﬁ3"$/4*
#$%&'( !) *+ ,-'$-.$/0 /1 .(23('-.&'(4 3'(55&'( -06 3/'/5$.7 89(0 .9( 5:/3( /1 3'(55&'(
$5 5MPa/s -06 .9( 5:/3( /1 .(23('-.&'( 0.1◦C/s
 !ﬂ#$!%$ &' ()*+(#( ,-$..#-$ ;9( 5:/3( /1 .9( 3'(55&'( $5 ﬁ=(6 -. 10MPa/s -06
.9( 5:/3( /1 .(23('-.&'( -. 0.1◦C/s4 .9( 2-=$2&2 3'(55&'( $5 >-'$(6 ./ 5.&67 $.5 $0ﬂ&(0@(
/0 6(05$ﬁ@-.$/0 89(0 .9( 2-=$2&2 .(23('-.&'( $5 1000◦C) A(5&:.5 -'( 3'(5(0.(6 $0 .-B:(
!)* -06 $0 #$%&'( !) C)
D-=$2&2 3'(55&'( ;$2( ./ '(-@9 1% /1 3/'/5$.7
120MPa 6851 s
150MPa 6031 s
200MPa 4971 s
400MPa 2487 s
600MPa 1237 s
;-B:( !)*+ E0ﬂ&(0@( /1 .9( 2-=$2&2 3'(55&'( /0 6(05$ﬁ@-.$/0
#/' :/8 3'(55&'(54 .9( @:/5$0% /1 3/'(5 $5 0/. '(-@9(6) ;9( 9$%9(' $5 .9( 2-=$2&2 3'(55&'(4
.9( 1-5.(' $5 6(05$ﬁ@-.$/0 -06 :/8(' 3/'/5$.$(5 -'( /B.-$0(6)
 !ﬂ#$!%$ &' /0&#)' '#!%1+&!. f )!2 c F&'$0% 9/. $5/5.-.$@ @/23'(55$/04 .9( @/(ﬃH
@$(0. c 6/(50I. -ﬀ(@. 3/86(' 6(05$ﬁ@-.$/0) K$2&:-.$/05 -'( @-''$(6 /&. >-'7$0% 3-'-2(.('5
kf -06 α ./ >-:$6-.( .9( $0ﬂ&(0@( /1 LB/&-1 1&0@.$/05 /0 6(05$ﬁ@-.$/0)
#$%&'( !) ! 59/85 .9( (>/:&.$/0 /1 .9( '(:-.$>( 6(05$.7 8$.9 .$2( 1/' .9( 6$ﬀ('(0. 3-'-2H
(.('5) M9(0 .9( 3-'-2(.(' kf $5 9$%9('4 .9( 6(05( 5.-.( $5 '(-@9(6 1-5.(') E0 $5/5.-.$@
3'(55$0% .9( >/:&2( >-'$-.$/0 $5 6$'(@.:7 3'/3/'.$/0-: ./ .9( 1&0@.$/0 f ) ;9( >-'$-.$/0 /1
LB/&-1 1&0@.$/0 c 6/(50I. -ﬀ(@. .9( 6(05$ﬁ@-.$/0 6&'$0% NEO) #/' .9-. '(-5/04 .9$5 .(5.
$5 /0:7 &5(6 1/' .9( $6(0.$ﬁ@-.$/0 /1 f )
 !"! #$%&'(ﬁ*+'(,& ,- '.% /%.+0(,1 2+3 4+1+5%'%167 8%9:(1%$ %;4%1(5%&'6  ! 
"#$%&' !( )* +,&#,-#./ .0 -'12'&,-%&'3 2&'44%&' ,/5 2.&.4#-6 78'/ -8' 49.2' .0 2&'44%&'
#4 5MPa/s ,/5 -8' 49.2' .0 -'12'&,-%&' 20◦C/s
"#$%&' !( :* ;.12,&#4./ .0 -8' '<.9%-#./ .0 -8' ,<'&,$' 2.&.4#-6 7#-8 -#1' 78'/ ,2296#/$
5#ﬀ'&'/- 1,>#1%1 2&'44%&'
 !"#$%&'!" ?8' 4#1%9,-#./4 ,99.7 -8' 2&'5#@-#./ .0 -8' -'/5'/@6 .0 -8' 2.&.4#-6 '<.9%A
-#./ 8.7'<'& #- 5.'4/B- 2&.<#5' ,/6 2&'@#4' <,9%'4( C.- #4.4-,-#@ 2&'44#/$ 4#1%9,-#./4 ,&'
@,&&#'5 .%- %4#/$3 0.& -8' T iAl 5'/4' 4-,-'3 2&.2'&-#'4 #44%'5 0&.1 -8' 9#-'&,-%&' DEF( G4
4''/ #/ "#$%&' !( H ,/5 !( )3 -8' &'5%@-#./ .0 2.&.4#-6 4-,&-4 ,/5 4.1'-#1'4 #4 ,@8#'<'5
 !"  !"#$%& '( )*+%&,% "*"-.,/, "*0 #"&"1%$%&, /0%*$/ﬁ3"$/4*
#$%&'( !) !* +,-./'$0,1 ,2 34( (5,6&3$,1 ,2 34( /5('/%( .,',0$37 8$34 3$-( 2,' 9$ﬀ('(13
;,(ﬃ;$(130 kf /19 α
9&'$1% 34( 3'/10$3,'7 .4/0( 84(1 3(-.('/3&'( /19 .'(00&'( /'( 03$66 $1;'(/0$1%) =(1;(>
34( ;,19$3$,1 ,2 34( ?/3('0,1 -/;4$1( /'( 1,3 $9(/6 2,' =@? A.'(00&'( /19 3(-.('/3&'(
1,3 ;,103/13 9&'$1% 9(10$ﬁ;/3$,1C /19 ./'/-(3('0 ;/11,3 D( $9(13$ﬁ(9 /1/673$;/667) #,'
34/3 '(/0,1 $3 $0 1(;(00/'7 3, &0( 1&-('$;/6 0$-&6/3$,1 8$34 34( (E.('$-(130 3, $9(13$27
$3('/3$5(67 34( ./'/-(3('0 kf /19 α 34',&%4 /1 $15('0( /1/670$0) F(0$9(0> ;,1;('1$1% 34(
$13(''&.3(9 ;7;6(0> $3 $0 -,'( $13('(03$1% 3, &0( 6,8 G$1(3$;0 2,' 9(10$ﬁ;/3$,1 3, $1;'(/0(
34( /;;&'/;7 ,2 34( '(0&630 /19 /5,$9 34( 0&99(1 ;6,0$1% ,2 .,'(0) #,66,8$1% 34(0( 0$-H
&6/3$,10> .'(6$-$1/'7 (E.('$-(130 8('( ;/''$(9 ,&3 /3 34( $103$3&3( ??I@JK 3, 3(03 34(
;/./;$3$(0 ,2 34( ?/3('0,1 -/;4$1( 84(1 &0(9 8$34 /1 $13('-(3/66$; .,89(') #',- 34(
0$-&6/3$,10 8( ;/''$(9 ,&3 /3 +KJK#> 34( 9(0$%1 (E.('$-(13 .'(0(13(9 $1 34( ;4/'3 ,2
#$%&'( !) L 8/0 0&%%(03(9*
• M4( -/E$-&- .'(00&'( $0 ﬁE(9 /3 300MPa ,34('8$0( 34( 3(-.('/3&'(0 1((9(9 ;/1
1,3 D( '(/;4(9)
• #,' (/;4 -/E$-&- 3(-.('/3&'( 600◦C> 700◦C /19 800◦C> 2,&' $13(''&.3(9 3(030
04,&69 D( ;/''$(9 ,&3)
• N$1;(> 9&'$1% 34( 3(03 34( .'(00&'( $1;'(/0(0 ﬁ'03> 34( 3(030 04,&69 D( $13(''&.3(9
D(2,'( $1;'(/0$1% 34( 3(-.('/3&'( A?,$13 O #$%&'( !) LC)
• O1 $13(''&.3$,1 84(1 '(/;4$1% 34( %,/6 3(-.('/3&'(A?,$13 F #$%&'( !) LC)
• O1 $13(''&.3$,1 30 -$1 /23(' '(/;4$1% 34( %,/6 3(-.('/3&'(A?,$13 + #$%&'( !) LC)
 !"! #$%&'(ﬁ*+'(,& ,- '.% /%.+0(,1 2+3 4+1+5%'%167 8%9:(1%$ %;4%1(5%&'6  !"
• #$ %$&'(()*&%+$ ,$ -+)( ,.&'( (',/-%$0 &-' 0+,1 &'2*'(,&)('34+%$& 5 6%0)(' !7 897
6%0)(' !7 8: ;<*'(%2'$&,1 ='>%0$ *(+*+>'= ,& ?;@;6 &+ %='$&%.A #B+). .)$/&%+$> )>%$0
&-' 4,&'(>+$ 2,/-%$'
 !"!#!# $%&'()(*+%, &-.&%()&*/0
C,2*1'> D'(' *('*,('= ,& E?F
 
7 #> 2'$&%+$'= *('G%+)>1AH &-' *+D='( /,$ $+& B' *+)('=
=%('/&1A %$ &-' >'& )* +. &-' 4,&'(>+$ 2,/-%$'7 4('I/+2*,/&'= >,2*1'> ,(' $''='= &+
/,((A +)& &-' '<*'(%2'$&>7 J'$/'H >,2*1'> ,(' /+2*,/&'= ,& E?F )$='( C4C /+$=%&%+$>7
5%ﬀ'('$& >'&> ,(' *('*,('= ,& E?F ,$= ,(' )>'= ,& 44LE@; &+ %='$&%.A &-' /+2*('>>I
%B1' B'-,G%+)( 1,D +. &-' *+D='(7 M-' ='&,%1> /+$/'($%$0 &-' *('*,('= >,2*1'> ,$= &-'
/+$=%&%+$> +. &-' *('1%2%$,(A &'>&> ,(' *('>'$&'= %$ #**'$=%<  7
N+,1 &'2*'(,&)(' E$&'(()*&%+$ E$&'(()*&%+$ E$&'(()*&%+$ E$&'(()*&%+$
# *+%$& F *+%$& ? *+%$& 5 *+%$&
600◦C ⋆ ⋆ ⋆ ⋆
700◦C ⋆ ⋆ ⋆ ⋆
800◦C ⋆ ⋆ ⋆ ⋆
M,B1' !7O: C)22,(A +. &-' '<*'(%2'$&> /,((%'= +)& +$ 4,&'(>+$ 2,/-%$' ,& &-' %$>&%&)&'
44LE@; 3&-' ('= >&,(> ('.'( &+ &-' ('0%+$ &-,& /,$ $+& B' '<*1+('=9
6+)( '<*'(%2'$&> ,(' /,((%'= +)& +$ 4,&'(>+$ 2,/-%$' ,& &-' %$>&%&)&' 44LE@;7
M,B1' !7O >)22,(%P'> &-' %$&'(()*&'= &'>&>7 M-' ('= >&,(> ('.'( &+ &-' ('0%+$ &-,& /,$
 
 !"#$!%#&$' &(%'$)&*+&,-&(!&$' .!$(#% )' /#0$1#1('2 345 6787 .95:;3(&<'$*&%= )' /#0$1#1('
 !"  !"#$%& '( )*+%&,% "*"-.,/, "*0 #"&"1%$%&, /0%*$/ﬁ3"$/4*
#$% &' '()*$+',- .% +$$/ %'/)'+0%1+' 23'# %3' )+'441+' 54 5#6+'04', 1)%$ 300MPa
75#%'++1)%5$# 0% )$5#% .89 #$ ,'#45ﬁ60%5$# $661+4- ;$2'<'+9 %3' 4'6%5$# $= %3' 40/)*' 54
+',16', 0% %3' /5, $= %3' 3'5>3%9 04 4''# 5# ?5>1+' !- @-
?5>1+' !- @A B30)' $= %3' 40/)*' 0=%'+ 0))*C5#> %3' )+'441+' 7100MPa9 %3'# 200MPa9
%3'# 300MPa ,1+5#> 30 /5# =$+ '0638 0% +$$/ %'/)'+0%1+'- D#5%50* ,'#45%C 71.74%
E3' 5#%'++1)%5$# 0% %3' *'<'* $= )$5#% F 54 0635'<', =$+ %2$ /0(5/1/ %'/)'+0%1+'4A
Tmax = 600
◦C 0#, Tmax = 700◦C- F$%3 '()'+5/'#%4 0+' 4%$))', &'6014' $= 0 6+06G %30%
0))'0+4 $# %3' 0*1/5#51/ 6$<'+ 23563 6014'4 0 *'0G 0#, ,0/0>'4 %3' /0635#'- E354
60# &' $&4'+<', 5# ?5>1+' !- H 0#, ?5>1+' !-IJ- E3' 5#5%50* /'041+', )$+$45%C =$+ %3'4'
%2$ '()'+5/'#%4 204 5,'#%560* 'K10* %$ 26% &1% %354 /'041+' /5>3% &' 2+$#> &'6014'
23'# 145#> .+635/L,' %'63#5K1' $+ 23'# 60*61*0%5#> &C /'041+5#> %3' 3'5>3% 0#, +0,5149
,'#45%5'4 $&%05#', 0+' #$% 'K10*- B5#6' %3' 40/' 6$#,5%5$#4 2'+' 0))*5',9 5% 54 ,5ﬃ61*% %$
'()*05# 23C %3' 6+06G 0))'0+4 5# $#' 604' 0% 600◦C 0#, 5# %3' $%3'+ 604' 0% 680◦C-
N# %3' $%3'+ 30#,9 2' $&4'+<', %30% %3' /0635#' 54 <'+C 4'#45%5<' %$ %3' 45O' $= %3'
40/)*'- . 4/0** +',16%5$# 5# %3' +0,514 70.1mm8 /5>3% >'#'+0%' 0 <$5, &'%2''# %3'
40/)*' 0#, 6$<'+ 60145#> 5%4 6+06G 04 5% 204 $&4'+<', 0% 680◦C- D# =06%9 45#6' %3'#9 %3'
=1+#06' 54 *'44 4%0&*'- ?$+ %30% +'04$#9 %3' '()'+5/'#%4 =$+ %'/)'+0%1+'4 35>3'+ %30#
600◦C 0+' 0&0#,$#',-
E3' '()'+5/'#% 6$++'4)$#,5#> %$ Tmax = 600
◦C 54 +')'0%', 0#, 5#%'++1)%', 0&$1% 30*=
0# 3$1+ 0=%'+ +'0635#> %3' /0(5/1/ %'/)'+0%1+'- . +',16%5$# $= 4% 5# %3' )$+$45%C 54
/'041+', 25%3 0# 5#5%50* )$+$45%C 'K10* %$ 31%- ;$2'<'+9 %3' /'041+'/'#%4 ,1+5#> %3'
%'/)'+0%1+' 6$#4%0#% 4%0>' ,$#P% 43$2 0#C <0+50%5$# 5# %3' 3'5>3%-
Q+$&*'/4 '#6$1#%'+', ,1+5#> %3' 5,'#%5ﬁ60%5$# $= .&$10= =1#6%5$#4 +'41*% =+$/ %2$ 4$1+6'4-
E3' )+'R6$/)06%', 40/)*' 43$1*, 30<' )+'654' ,5/'#45$#4- S$% 0#C /5**5/'%+' 7*'44 $+
/$+'8 54 %$*'+0%',- E3' 4'6%5$#4 $= %3' 6C*5#,'+ #'', %$ &' )0+0**'*- E3' +0,514 0*$#> %3'
<'+%560* 0(' #'', %$ &' 6$#4%0#%- T3'# $#' $= %3'4' 6$#,5%5$#4 54 #$% +'4)'6%',9 %3' 3$%
6$/)06%5$# 25%3 Q0%'+4$# /0635#' 60# #$% &' 60++5', $1% &'6014' %3' 40/)*' 2$#P% ﬁ%
5# %3' 4'% 1) $+ 5% 2$#P% &' 4166'44=1* &'6014' $= 6+06G4- D# 0,,5%5$#9 %3' ,'#45%C $= %3'
 !"! #$%&'(ﬁ*+'(,& ,- ./,0+- -0&*'(,&1 01(&2 343  !"
#$%&'( !) *+ ,-( .(/ &0 1-(2 /-( (30('$4(2/ $. $2/(''&0/(5 6/ 680◦C7 /-( 8$'89( .-:1.
/-( 8'68; /-6/ :88&'. 625 86&.(. /-( 9(6;
0'(<8:4068/(5 8=9$25(' $. 2:/ -:4:%(2(:&.) >(28(7 /-( 6009$86/$:2 :? $.:./6/$8 0'(..&'(
$25&8(. -(/(':%(2(:&. ./'(..(. $2 /-( .6409( 1-$8- 4$%-/ (3096$2 /-( .-60( :? #$%&'( !) @)
A2 /-( :/-(' -6257 /-( 86068$/$(. :? B6/('.:2 468-$2( 600(6'(5 /: C( 9(.. 8:2D(2$(2/)
,-( (30('$4(2/. 1('( ./6'/(5 6$4$2% /: '(68- 1000◦C ?:' 100MPa $2 6 16= /: '(.0(8/
/-( EBE 8:25$/$:2.) ,-( 0'(9$4$26'= /(./. .-:1(5 /-6/ /-( ?&'268( 8622:/ 6..&'( -$%-
/(40('6/&'( &29(.. /-( 0'(..&'( $. 6/ 9(6./ (F&69 /: 300MPa) GD(2 1$/- 300MPa7 /-(
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8912&9;;'5 2'0/'&62%&' #3 0'63%&'5 7G 61 9/2#86; /G&90'2'& 3mm 646G :&90 2-' 360/;'
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h = 3mm
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df
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ρr =
hf
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= 1− df − d
df − d+ hf
φ = 8mm hf = 13.6mm
Φ8
2.5 kN 50 kN φ8/h13.6 φ36/h8
< 2min
φ36/h8
φ36/h8 φ8/h13.6
3mm
φ = 36mm hf = 8mm
φ8
931◦C
17.6mm AJ683 998◦C
Φ8/h13.6
Φ36/h8
16mm AJ682
1175◦C 14.8mm AJ819
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9.6mm AJ818
1100◦C 8.4mm AK148
Φ36/h3
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T = 1110◦C 3.1mm
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T = 1110◦C Φ36/h3
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ρrmap
ρr exact
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error +Kd
∂error
∂t
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f(ρr) = kf
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∑
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&)%8+,7+%&+ /3 2,+3+%'+1 (% '*+ /07),('*@ )# G(7$,+ ;4S;4
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φ8/h13.6 φ36/h8
φ8/h13.6 φ36/h8
3mm
 !"  !"#$%& '( )*+%&,% "*"-.,/, "*0 #"&"1%$%&, /0%*$/ﬁ3"$/4*
#$%&'( )*+,- ./012'$3/4 /5 67( (8/9&6$/4 /5 '(926$8( :(43$6; 0(23&'(: :&'$4% 67( :$ﬀ('(46
$46(''&16(: =;=9(3 24: =/01&6(: >$67 ?2692@ >7(4 &3$4% 67( /16$0&0 A@/&25 5&4=6$/43
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)$% 5(-),(</)(.' .0 )$% ,%*3)(@% 5%'-()1 <%)2%%' )$% %H4%,(+%')- 3'5 )$% -(+/*3)(.' 3) )$%
)(+% 2$%,% )$% ;1;*%- 3,% (')%,,/4)%58
 !"#$% Φ8/h13.6& 6.';%,'(': )$% -3+4*% Φ8/h13.6G )$,%% (')%,,/4)%5 ;1;*%- 2%,% ;3,M
,(%5 ./)8 #$% ,%*3)(@% 5%'-()1 +34 (- :(@%' 2$%' )$% -3+4*% $%(:$) (- %N/3* ). 17.6mmG
2$%' () (- %N/3* ). 16mm 3'5 2$%' () (- %N/3* ). 14.8mm8 O(:/,% C8"7 -$.2- )$% 5(-),(</M
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17.6mm
16mm 14.8mm
φ8/h13.6
αf = 1.5 αf = 3.5
αf = 1.5
ρmax − ρmin
 !"! #$%&'(ﬁ*+'(,& ,- ./,0+- -0&*'(,&1 01(&2 343  !"
 !!  !"#$%& '( )*+%&,% "*"-.,/, "*0 #"&"1%$%&, /0%*$/ﬁ3"$/4*
 !"#$% Φ36/h8& "#$%&'$($) *+& ,-./0& Φ36/h81 *2# ($*&''3/*&4 %5%0&, 2&'& %-''(&4
#3*6 7+& '&0-*(8& 4&$,(*5 .-/ (, )(8&$ 2+&$ *+& ,-./0& +&()+* (, &93-0 *# 9.6mm -$4
2+&$ (* (, &93-0 *# 8.4mm6 :$ ;()3'& <6=>1 *+& &?/&'(.&$*-0 '&,30*, -'& /'&,&$*&4 -,
2&00 -, *+& %#./3*&4 '&,30*,6 ;#' *+(, )&#.&*'51 43& *# (*, 0-')& ,&%*(#$1 #$05 *+& 0&@*
*#/ %#'$&' (, *'&-*&4 3,($) *+& ABC6 D$#2($) *+-* *+& 4(,*'(E3*(#$ #@ *+& 4&$,(*5 (,
,5..&*'(% -0#$) *+& '-4(-0 -$4 -?(-0 4('&%*(#$1 *+& .-/ (, %#./0&*&4 E5 43/0(%-*($) *+&
93-'*&'6 7+& 4(,*'(E3*(#$ #@ '&0-*(8& 4&$,(*5 @#' *+& +&()+* 9.6mm (, 3$&?/&%*&46 F00
*+& .-/,1 @#' Φ8/h13.6 -$4 Φ36/h8 ,+#2 - +()+&' 4&$,(*5 $&?* *# *+& /(,*#$, -/-'*
@'#. *+(, #$&6 F .(%'#,%#/(% '&-%*(#$ .()+* #%%3' 43'($) *+& /'#%&,, -$4 %-3,& *+&
4&$,(ﬁ%-*(#$ ($ *+& %&$*&'6 :* 2#304 +-8& E&&$ ($*&'&,*($) *# '&/&-* *+& &?/&'(.&$* -$4
%+&%H (@ *+& 4&$,(ﬁ%-*(#$ (, -%+(&8&4 (4&$*(%-0056 ;#' h = 8.4mm1 *+& '&0-*(8& 4&$,(*5 (,
93(*& +#.#)&$&#3,6 :* (, ,0()+*05 +()+&' 3$4&' *+& /(,*#$, 2(*+ - .-?(.3. )'-4(&$* &93-0
*# 0.4%6 :$ @-%*1 -@*&' &?/#'*($) *+& (.-)&, *# I:CJ1 *+& )'(4 *+-* (, 3,&4 *# %-0%30-*&
*+& %#$%&$*'-*(#$ #@ /#'#,(*5 ($ﬂ3&$%&, *+& 0#%-0 8-'(-*(#$ #@ 4&$,(*56 7+(, %#304 &?/0-($
*+& ,0()+* 4(ﬀ&'&$%& 2(*+ *+& ,(.30-*(#$,6
M3.&'(%-0 '&,30*, -'& /'&,&$*&4 ($ ;()3'& <6=> @#' - @'(%*(#$0&,, %#$4(*(#$ -$4 2(*+ @'(%*(#$
@#' αf = 6.66 7+& .-?(.3. )'-4(&$* #@ '&0-*(8& 4&$,(*5 #E,&'8&4 (, -E#3* 2% @#' E#*+
%#$4(*(#$,6 :$ @-%*1 *+& @'(%*(#$ &ﬀ&%* (, /'#/#'*(#$-0 *# *+& '-*(# h/D N O6 P+&$ 4&%'&-,($)
*+& '-*(# h/D1 *+& ($ﬂ3&$%& #@ @'(%*(#$ (, &0(.($-*&46
"#./-'($) *+& &?/&'(.&$*-0 -$4 ,(.30-*&4 4(,*'(E3*(#$, @#' h = 8.4mm1 *+& .-?(.3.
4&$,(*5 )'-4(&$* (, +()+&' ($ *+& ,(.30-*(#$,6 :$ @-%*1 -@*&' &?/#'*($) *+& (.-)&, *# I:CJ1
*+& )'(4 *+-* (, 3,&4 *# %-0%30-*& *+& %#$%&$*'-*(#$ #@ /#'#,(*5 ($ﬂ3&$%&, *+& 0#%-0 8-'(-*(#$
#@ 4&$,(*56 7+(, %#304 &?/0-($ *+& ,0()+* 4(ﬀ&'&$%& 2(*+ *+& ,(.30-*(#$, ,($%& *+& 0#2&,*
-$4 +()+&,* 8-03&, -'& 0#%-0(,&4 ($ - ,.-00 -'&- 3$4&' *+& /(,*#$, -$4 -* *+& 0-*&'-0 &4)&6
F %#./-'(,#$ 2-, .-4& E5 #3' %#00&)3&, -* "BCBA *# ,*345 *+& ($ﬂ3&$%& #@ *+& )'(4
,(Q& @#' *+& ,-./0& Φ8/h13.6 -* h = 16mm6 7+& .-/, -'& /'&,&$*&4 ($ ;()3'& <6=<6 F,
2& %-$ ,&&1 *+& )0#E-0 4(,*'(E3*(#$ (, (4&$*(%-01 +#2&8&'1 0#%-005 *+& 8-03& #@ *+& '&0-*(8&
4&$,(*5 %-$ 4(ﬀ&'6 P+&$ 3,($) - %#-',& )'(41 *+& '&,30* (, #@ %#3',& 0&,, /'&%(,&6
 !"!# $%&'()*+%&
A($%& *+& (4&$*(ﬁ%-*(#$ #@ FE#3-@ @3$%*(#$, 3,($) J-*&',#$ .-%+($& 2-, $#* %#./0&*&4 43&
*# *+& 4(ﬀ&'&$* /'#E0&., &$%#3$*&'&41 *+& (4&$*(ﬁ%-*(#$ (, -%+(&8&4 3,($) *+& AJA /'#%&,,6
7+'&& ,-./0&, -'& %#$,(4&'&4 2(*+ *+'&& 4(ﬀ&'&$* 4(.&$,(#$,6 R3'($) *+& &?/&'(.&$*,
*+& 4(,/0-%&.&$* &8#03*(#$ (, .&-,3'&46 :$ -44(*(#$ ($*&''3/*&4 %5%0&, -'& %-''(&4 #3* -$4
4&$,(*5 4(,*'(E3*(#$ (, .&-,3'&4 3,($) *+& ABC6 :$8&',& -$-05,(, -//0(&4 #$ - %#./0&*&
AJA %5%0& (, 8&'5 *(.& %#$,3.($)6 F, - ﬁ',* ,*&/1 - %-0(E'-*(#$ #@ *+& /-'-.&*&', (,
-%+(&8&4 2(*+ C-*0-E %#$,(4&'($) - +#.#)&$&#3, *&./&'-*3'& -$4 - @'(%*(#$0&,, %#$4(*(#$
*+-* 2-5 -$ -$-05*(% ,#03*(#$ %-$ E& &?/'&,,&46 7+& %-0(E'-*&4 /-'-.&*&', -'& *+&$
($*'#43%&4 ($ *+& $3.&'(%-0 ,(.30-*(#$ ($ "(.S(E6 7+& -(. E&($) *# 4&ﬁ$& *+& 8-03&
Φ36/h8
αf = 6.6 h = 9.6mm
h = 8.4mm
Φ8/h13.6 h = 16mm
f c
f(ρr) = 1.3
1− ρr
ρr − ρc c(ρr) = 1 + 10f.
αf = 1.5
Φ36/h8
 !"! #$%&'(ﬁ*+'(,& ,- ./,0+- -0&*'(,&1 01(&2 343  ! 
 !"  !"#$%& '( )*+%&,% "*"-.,/, "*0 #"&"1%$%&, /0%*$/ﬁ3"$/4*
 !" #$%&'()*+ ,(%$+*-(./ .0 -1& ,2*'3 2+*,%* ,(/-&'(/4
-&,-
 !"!# $%&'()*+),- ,. +/% 0,1%2&
#$% &'& %()%*+,%-./ 0- .$% .10 /2,)3%/ Φ8/h13.6 2-4 Φ36/h8 2*% /+,532.%4 5/+-6
7+,8+9: #$%/% 6%0,%.*+%/ 1%*% 23*%24; /+,532.%4 +- /%<.+0- =:>:>: #$% 4+ﬀ%*%-<% 9%.1%%-
.$% /+,532.+0-/ +- .$+/ /%<.+0- 2-4 .$% )*%@+05/ 0-% +/ .$% 905-42*; <0-4+.+0-/ +- .$%
,%<$2-+<23 )*093%,: A%*%B .$% 3024 +/ *%6532.%4 2<<0*4+-6 .0 2 )*%/<*+9%4 @235% 2/ +-
.$% %()%*+,%-./: #$% 6%0,%.*+%/ )*%/%-.%4 +- C+65*% =:"" 2*% <0-/+4%*%4: #$%; 2*%
*%)*%/%-.%4 1+.$ .$% ,%/$ +- C+65*% =:DEB 1+.$ 2 F00, 2. .$% *%6+0- 0G .$% /2,)3%:
70-<%*-+-6 .$% ,%/$ 0G /2,)3% Φ8/h13.6H
I.$% -5,9%* 0G -04%/ +/ %J523 .0 64870
I.$% -5,9%* 0G %3%,%-./ +/ %J523 .0 339488
I.$%*% 2*% 25 %3%,%-./ +- .$% .$+<K-%// 0G .$% *%,%/$%4 F0-%:
70-<%*-+-6 .$% ,%/$ 0G /2,)3% Φ36/h8H
I.$% -5,9%* 0G -04%/ +/ %J523 .0 59699
I.$% -5,9%* 0G %3%,%-./ +/ %J523 .0 321893
I.$%*% 2*% 20 %3%,%-./ +- .$% .$+<K-%// 0G .$% *%,%/$%4 F0-%:
#$% ,%/$ /+F% +/ +-4+<2.%4 +- C+65*% =:DE: L-<0-%3 /)2<%*/ +2. 90.$ %-4/ 0G .$% /.0<K 2*%
-0. ,04%3%4 +- 0*4%* .0 *%45<% <0,)5.2.+0- .+,%: L-<0-%3 %ﬀ%<. +/ .2K%- +-.0 2<<05-.
9; .$% .$%*,23 905-42*; <0-4+.+0-/ .$2. 2*% +,)0/%4 4+*%<.3; 0- .$% 905-42*+%/ 0G .$%
.0) 2-4 90..0, 6*2)$+.% /)2<%*/: M//5,+-6 2 J52/+I/.2.+0-2*; /.2.%B .$% $%2. ﬂ5( 2.
.$% L-<0-%3 905-42*; +/ %J523 .0 .$% $%2. ﬂ5( .$*056$ .$% L-<0-%3 )2*.B 2-4 .0 .$% $%2.
ﬂ5( .$*056$ .$% +-.%*G2<% 9%.1%%- L-<0-%3 2-4 6*2)$+.%: #$+/ 12/ 4+/<5//%4 +- 7$2).%* D
/%<.+0- D:O:": P- .$% 5))%* 2-4 301%* 6*2)$+.% /5*G2<%/B 2 <0-45<.+0- $%2. ﬂ5( +/ +,)0/%4H
Φ =
hcond
hcond
einco
kinco
+ 1
(Tgr sup − Twater) Q=:O>R
1$%*% hcond = 880W.m
−2.K−1 +/ .$% <0-/.2-. $%2. .*2-/G%* <0%ﬃ<+%-.B kinco .$% +-<0-%3
.$%*,23 <0-45<.+@+.;B einco +./ .$+<K-%//B Tinco sup .$% .%,)%*2.5*% 0G .$% +-<0-%3 5))%*
%46%B Tinco inf = Tgr sup .$% +-<0-%3T6*2)$+.% +-.%*G2<% .%,)%*2.5*% 2-4 Twater .$% 12.%*
.%,)%*2.5*% Q2//5,%4 <0-/.2-. 296 UR: V0*%0@%*B .$% )*0<%// .2K+-6 )32<% +- 2 @2<55,
<$2,9%*B $%2. 30//%/ 9; <0-@%<.+0- 2-4 <0-45<.+0- 2*% -%63%<.%4: M33 32.%*23 /5*G2<%/
$2@% $%2. 30//%/ 9; *24+2.+0- .012*4/ <$2,9%* 1233/B 1$+<$ 2*% $%34 2. *00, .%,)%*2.5*%
QTwall = 300 URB 2 *24+2.+@% $%2. ﬂ5( +/ .$%- <0-/+4%*%4H
Φrad = σBεr(T
4 − T 4wall). Q=:ODR
εr .$% %,+//+@+.; 0G .003/ +/ %J523 .0 0.8:
Φ8/h13.6
Φ36/h8
εreq = 0.3
18mm
3mm
Kp = 1 Ki = 1.5 × 10−4 Kd = 10−7
 !"  !"#$%& '( )*+%&,% "*"-.,/, "*0 #"&"1%$%&, /0%*$/ﬁ3"$/4*
#$%&'( )*"+, -.- /00/'/1&2 /34 / 5667 63 18( 8(/1(4 /00/'/1&2 9$18 18( %'/08$1( :(;1
2&''6&34$3% 18( 76&;4 <=>
#$%&'( )*"!, ?(0'(2(31/1$@( 2A8(7( 6: 18( 76&;4B%'/08$1( :(;1 $31(':/A(
/ .CD ;660 9$18 / 0'(2A'$E(4 21'(22 (F&/; 16 50MPa* G8( 21'(22 $2 7(/2&'(4 63 18( 160
6: 18( 2/70;(* G8( 21'(22 $2 A670&1(4 63 (/A8 (;(7(31* H3 /@('/%( $2 18(3 A/;A&;/1(4 63
/ 1'/32@('2/; 2(A1$63 63 18( 160 (4%( 6: 18( 0694('* I(3A(J 9( %(1 / 2A/;/' @/;&( σcomputed
18/1 9( A670/'( 16 σprescribed = 50MPa* H @(;6A$1K $2 A/;A&;/1(4 9$18 18( .CD ;660* G8(
'(%&;/1(4 @(;6A$1K $2 18(3 $7062(4 $3 18( 166;$3%* G8( @(;6A$1K $2 $7062(4 $3 / 9/K 16
A632('@( 18( %(67(1'$A/; 2K77(1'K 6: 18( 7/A8$3(* G8( 76&;4 $2 2&0062(4 16 76@( 9$18
/ @(;6A$1K (F&/; 16 18( 8/;: 6: 18( 63( $7062(4 16 18( 166;2* G66;2 /'( A632$4('(4 '$%$4*
G8( 7(A8/3$A/; 0'6E;(7 $2 26;@(4 63;K $3 18( 0694('*
C3 L8/01(' "J 18( 7(28 /4/01/1$63 9/2 4(1/$;(4* G8( 761$63 6: 18( 166;2 $2 4(2A'$E(4 /1
(/A8 1$7( 21(0 EK 18( 1'/32;/1$63 6: 18($' ;(@(; 2(1 :&3A1$632* M8(3 3(A(22/'KJ / '(7(28$3%
:6;;692 18( 1'/32;/1$63 26 18/1 /3$261'60$A (;(7(312 /;9/K2 2&''6&34 18( $31(':/A(2 E(19((3
0694(' /34 76&;4 A67063(312* C3 /44$1$63J H1 (/A8 1$7( 21(0 18( 364(2 A66'4$3/1(2 /'(
&04/1(4 /2 :6;;692, −→
X t+∆t =
−→
X t +−→v tmesh∆t N)*OOP
−→v mesh $2 ﬁR(4 4&'$3% 18( 2$7&;/1$63 /34 4(0(342 63;K 63 18( $7062(4 @(;6A$1K A/;A&;/1(4
EK 18( .CD* C1 $2 4$ﬀ('(31 :'67 / T/%'/3%$/3 /00'6/A8J 98('( 18( 364(2 /'( &04/1(4
z1 z2 z3 z4 z
1 2 3 4 −→v mesh
−→v mesh =
−→v imp
2
−→v mesh = −
−→v imp
2−→v mesh = −→v imp z − z2
2(z1 − z2)
−→v mesh = −−→v imp z − z3
2(z4 − z3)−→v mesh = −→0
600◦C 110 s
600◦C
Φ8/h13.6
Φ36/h8
T iAl
700◦C
270 s Φ8/h13.6 390 s Φ36/h8 700◦C
700◦C
100 ∆t = 0.01 270 s
Φ8/h13.6 390 s Φ36/h8
Φ8/h13.6
Φ36/h8
Φ8/h13.6
 !"  !"#$%& '( )*+%&,% "*"-.,/, "*0 #"&"1%$%&, /0%*$/ﬁ3"$/4*
#$%&%'(& &)*% )&+,--.(,)'&/ 01,& +.' 1.2% *.'3 %4#-.'.(,)'&/ 5' 6.+(7 6)$ (1% &.*#-%
Φ8/h13.67 (1% #$%&+$,8%9 &($%&& ,& %:;.- () 50MPa <1,+1 -%.9& () . 2%$3 -)< -).9 =2.5 kN>
(1.( ,& 9,ﬃ+;-( () 8% *.,'(.,'%9 +)*#.$,'@ () (1% &.*#-% Φ36/h8 <1%$% (1% -).9 ,& %:;.-
() =50 kN>/ A%&,9%&7 (1,& +);-9 .-&) 8% $%-.(%9 () (1% $%@;-.(,)' )6 (%*#%$.(;$%/ B& &%%'
,' C,@;$% D/E 7 .$);'9 150 & .'9 +-)&% () (1% %'9 .$);'9 600 &7 (1% +;$2% )6 (%*#%$.(;$%
#$%&%'(& )&+,--.(,)'& (1.( +)$$%&#)'9& ,' (,*% () (1% &($%&& )&+,--.(,)'&/
C,@;$% D/EFG H)*#.$,&)' )6 (1% %2)-;(,)' )6 (1% 2%$(,+.- 2%-)+,(3 =.> .'9 .2%$.@% $%-.(,2%
9%'&,(3 =8> 8%(<%%' &,*;-.(,)' .'9 .'9 %4#%$,*%'(& 6)$ &.*#-% Φ8/h13.6
C,@;$% D/EF .'9 C,@;$% D/EI &1)< (1% %2)-;(,)' )6 (1% 2%$(,+.- 2%-)+,(3 .'9 .2%$.@%
$%-.(,2% 9%'&,(3 +)*#;(%9 <,(1 H,*J,8 .'9 *%.&;$%9 9;$,'@ (1% %4#%$,*%'(& $%&#%+(,2%-3
6)$ &.*#-% Φ8/h13.6 .'9 Φ36/h8/ K%-)+,(,%& +)*#;(%9 <,(1 H,*J,8 .$% ,' %4+%--%'(
 !"! #$%&'()*+ ,(%$+*-(./ .0 -1& ,2*'3 2+*,%* ,(/-&'(/4 -&,-  !!
"#$%&' ()*+, -./01&#2.3 .4 56' '7.8%5#.3 .4 56' 7'&5#918 7'8.9#5: ;1< 13= 17'&1$' &'815#7'
='32#5: ;>< >'5?''3 2#/%815#.3 13= 13= '@0'&#/'352 4.& 21/08' Φ36/h8
1$&''/'35 ?#56 56' '@0'&#/'35) A3 1==#5#.3B 56' 01&5#9%81&#5: .4 56' 9%&7'2 #2 5615 >.56
9&.22 1 /1@#/%/ 718%') C6#2 #2 =%' 5. 56' 9./08'@ 9.%08#3$ >'5?''3 56' 56&'' 06:2#918
0&.>8'/2) C'/0'&15%&' #39&'12'2 ?6#96 ='9&'12'2 56' 9.32#25'39: 5615 #2 5'/0'&15%&'
='0'3='35) C6#2 8'1=2 5. 1 8'22 &#$#= /15'&#18) C6%2B 5. &'20'95 56' 9.325135 0&'29&#>'=
25&'22B 56' 7'8.9#5: #39&'12'2 5. #52 /1@#/%/) D#/%8513'.%28:B 56' ='32#5: #39&'12'2 13=
9.32'E%'358: 56' 4%395#.3 f ='9&'12'2) F6'3 ='32#ﬁ'=B 56' /15'&#18 #2 /.&' &'2#25135B
4.& 5615 &'12.3 56' 7'8.9#5: ='9&'12'2 145'& ='32#ﬁ915#.3 ?6'3 56' &'815#7' ='32#5: &'196'2
95%
Φ8/h13.6 Φ36/h8
Φ8/h13.6
Φ36/h8
Φ36/h8
αf = 1.5
Φ8/h13.6
Φ8/h13.6
ρrmax ρrmin 8%
Φ36/h8
Φ36/h8 Φ8/h13.6
2%
 !  !"#$%& '( )*+%&,% "*"-.,/, "*0 #"&"1%$%&, /0%*$/ﬁ3"$/4*
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"# $%& ﬁ()$ *+($ ,- $%.) /%+*$&(0 1& *(&)&#$&2 $%& #&&2&2 &3*&(.4&#$) $, .2&#$.-5 $%& *+6
(+4&$&() ,- $%& 7&%+8.,( 9+1: ;%& )&/,#2 *+($ /,#).)$&2 .# *(&)&#$.#< $%& ).4=9+$.,# ,-
+ /,4*9&$& >?> /5/9& 1.$% $%& .2&#$.ﬁ&2 *+(+4&$&() +#2 /,4*+(& .$ 1.$% &3*&(.4&#$):
@(&&* $&)$) /,=92 7& =)&2 $, .2&#$.-5 $%& *+(+4&$&() ,- $%& 2&#)& )$+$&0 /,#).)$&#/5 +#2
)&#).$.8.$5 /,&ﬃ/.&#$: ;%& /(&&* $&)$) )%,=92 7& /+((.&2 ,=$ ,# + 2&#)& )+4*9&: "# ,(2&(
$, .2&#$.-5 f 0 %,$ .),)$+$./ *(&)).#< $&)$) +(& #&&2&2: "#$&((=*$&2 /5/9&) 1.$% 2.ﬀ&(&#$
$&4*&(+$=(& +#2 *(&))=(& +99,1 $, *9,$ $%& &8,9=$.,# ,- $%& -=#/$.,# f 8&()=) $%& (&9+$.8&
2&#).$50 $%=) .$ /,=92 7& .#$&(*,9+$&2 $, 2&2=/& .$) &3*(&)).,#: @,#/&(#.#< $%& -=#/$.,#
c0 .$ 1+) )%,1# $%+$ =#.+3.+9 /,4*(&)).,# 1.$% /,#)$+#$ 9+$&(+9 *(&))=(& $&)$) /,=92 7&
=)&2 -,( $%& .2&#$.ﬁ/+$.,#: "2&#$./+995 .#$&((=*$&2 /5/9&) 1.$% 2.ﬀ&(&#$ $&4*&(+$=(& +#2
*(&))=(& +99,1 $, <&$ .$) ﬁ#+9 &3*(&)).,#:
"# "C"> *(,D&/$0 $%& ?+$&(),# 4+/%.#& 1+) /%,)&# $, /+((5 ,=$ $%& &3*&(.4&#$) ,# *,16
2&() +#2 2&$&(4.#& f +#2 c: E,1&8&(0 *(,79&4) 1&(& &#/,=#$&(&2 2=(.#< $%& *(&9.4.#+(5
$&)$): ;%& -=(#+/& 2.2#F$ (&).)$ $%& 2&).(&2 %.<% $&4*&(+$=(&): E&#/&0 $%& &3*&(.4&#$)
1&(& +7+#2,#&2:
"# $%& )&/,#2 )&/$.,# ,- $%& /%+*$&(0 1& *(&)&#$&2 $%& *(,/&2=(& -,99,1&2 $, .2&#$.-5
G7,=+- -=#/$.,#) =).#< >?>: "#$&((=*$&2 /5/9&) +(& +//,4*9.)%&2 =).#< $%& >?> *(,/&)):
;%.) $&/%#.H=& %+) ),4& 2.)+28+#$+<&): "# -+/$0 2=(.#< + >?> $&)$ $%& $&4*&(+$=(& .)
#,$ %,4,<&#&,=) .# $%& )+4*9& +#2 -(./$.,# &ﬀ&/$) .#ﬂ=&#/& $%& %,4,<&#&.$5 ,- 2&#).ﬁ6
/+$.,#: ;%.) 4+J&) $%& .2&#$.ﬁ/+$.,# /,4*9&3: K=(.#< $%& &3*&(.4&#$) +//,4*9.)%&2 75
$%& @LML>0 $%& &8,9=$.,# ,- 2.)*9+/&4&#$ +#2 $&4*&(+$=(& 1+) 4&+)=(&2: "# +22.$.,#0
$%& 2.)$(.7=$.,# ,- *,(,).$5 .) 4&+)=(&2 .# $%& *,12&( =).#< $%& >LM: G) + ﬁ()$ )$&*0
M+$9+7 .) =)&2 $, /+9.7(+$& $%& &3*(&)).,#) ,- $%& -=#/$.,#) #&<9&/$.#< %&$&(,<&#&.$.&) ,-
$&4*&(+$=(& +#2 -(./$.,# +#2 =).#< $%& +#+95$./ ),9=$.,# ,- $%& 4&/%+#./+9 *(,79&4: N#/&
$%& -=#/$.,#) /+9.7(+$&20 ).4=9+$.,#) +(& /+((.&2 ,=$ $, 2&ﬁ#& $%& 8+9=& ,- $%& -(./$.,# /,6
&ﬃ/.&#$:
;%& 9+)$ )&/$.,# /,#).)$&2 .# ).4=9+$.#< + /,4*9&$& >?> /5/9& +#2 /,4*+(.#< .$ 1.$%
&3*&(.4&#$): "# $%&)& ).4=9+$.,#)0 +99 $%& &3*&(.4&#$+9 /,#2.$.,#) 1&(& 4,2&9&2: ;%&
$&4*&(+$=(& +#2 )$(&)) 1&(& 7,$% (&<=9+$&2 +//,(2.#< $, + *(&)/(.7&2 8+9=& =).#< + ?"K
9,,*: ;%& /,=*9&2 &9&/$(./+9 $%&(4+9 4&/%+#./+9 *(,79&4) 1&(& ),98&2: C&)=9$) 1&(&
/,4*+(&2 7&$1&&# &3*&(.4&#$) +#2 ).4=9+$.,#): ;%& /,4*+(.),#) 1&(& .# 8&(5 <,,2
+<(&&4&#$: O& )+1 $%+$ $%& &8,9=$.,# ,- 8&9,/.$5 %+) $%& *+($./=9+(.$5 $, /(,)) + 4+36
.4=4 8+9=& 2=(.#< $%& 2&#).ﬁ/+$.,# *%+)&: ;%& &8,9=$.,# ,- (&9+$.8& 2&#).$5 1+) +9),
/,4*+(&2 +#2 )%,1&2 +9), + <,,2 +<(&&4&#$: P=($%&( .4*(,8&4&#$) .# $%& 4,2&9 1,=92
7& .#$&(&)$.#<: "# -+/$0 $%& ?"K (&<=9+$.,# .# $%& 4&/%+#./+9 *(,79&4 #&/&)).$+$&) )4+99
$.4&) )$&*) $, +8,.2 $%& )=22&# 8+(.+$.,# ,- $%& *+(+4&$&() $%+$ +(& /,=*9&2 $,<&$%&(:
;%.) %+) + 2.)+28+#$+<& .# .#/(&+).#< $%& /,4*=$+$.,#+9 $.4&: ;, .4*(,8& $%& *&(-,(6
4+#/&0 .$ 1,=92 7& .#$&(&)$.#< $, .4*,)& 2.(&/$95 $%& 9,+2 Q,( )$(&))R ,# $%& 7,=#2+(5
,- $%& *,12&(: E,1&8&(0 + 2&8&9,*4&#$ ,- $%& 4,2&9 .) #&&2&20 ).#/& 1& +(& =).#< $%&
 !"! #$%&'()*$%  !"
#$%$&'()'* +,&-.'/% /00.$/*) 1)-.- ()- '%(-.2/*- $2 ()- 0$13-. '4 3-ﬁ%-3 67 ()- &-8-& 4-(
2,%*('$%9
 !"  !"#$%& '( )*+%&,% "*"-.,/, "*0 #"&"1%$%&, /0%*$/ﬁ3"$/4*
 !"#!$%&'()*
 !" #$ %&'()*$  !"#$%&'(%!) "* $' +!,-'+(%!) "* -!."/*& ,#('$$%0.*& 1/%((#*& $ +,- .,/0102
3415/601.7 081/4.1ﬁ:(/ /. ;7<18)=/ /. >40.1.(. 4).1'4)= ?'=@./8,41:(/ </ A6/4'&=/2
!BCD$
 E" F$ %6G/4.'$  !"#$%&'(%!) ". +!,-!/(*,*)( (2*/,%0.* *( ,#+')%0.* "*& -!."/*&
,#('$$%0.*&3 4--$%+'(%!)& 5 $' +!,-'+(%!) %&!&('(%0.* 5 +2'." $ +,- .,/0102 3415/601.7
H'0/?, I'(61/6J A6/4'&=/ >2 !BBK$
 L" ,..?MNNOOO$;)/$(ﬂ$/<(N 0(&,)0,N*)81=1.@$,.;$ 6*)(*/ 1!/ 78)',%+ 9*&-!)&* !1 4"3
:')+*"  '(*/%'$&$ 3415/601.@ '* I='61<)$
 K" H$F$ Q)G)61)02 H$ %$ R//<02 #$ S$ T61G,.2 )4< +$U$ T61G,.$ F'45/6G/48/ ?6'?/6.1/0 '*
.,/ V/=</6J#/)< W1;?=/X ;/.,'< 14 ='O <1;/401'40$ ;<4 =!./)'$ !1 >-(%,%?'(%!)2
BM!!EY!KZ2 !BBC$
 D" -$ Q14 )4< I$ W(4$ W(?/6?=)0.181.@ 14 ) =)6G/JG6)14/< .1)= )=='@$ <)(*/,*('$$%+&2
!EMCZDYCCL2 E[[K$
 \" F$ V18'==/$  %&* *) 1!/,* "* -!."/*& "* @!/* -'/ +!,-/*&&%!) %&!&('(%0.* 5 +2'."A
7#(*/,%)'(%!) "*& -/!-/%#(#& /2#!$!B%0.*& *( &%,.$'(%!) ).,#/%0.* ". -/!+#"# $ +,-
.,/0102 3415/601.7 </ ]'(6G'G4/2 !BBB$
 Z" ^$A$ V1/,2 Q$#$ S01(4G2 )4< H$ T)<0O'6.,$ W(?/6?=)0.18 &/,)51'6 '* ) ?'O</6
;/.)==(6G@ ^1%= )=='@ O1., ) ;/.)0.)&=/ ;186'0.6(8.(6/$ <)(*/,*('$$%+&2 ZM!\LY!Z[2
!BBB$
E[D
 !"  !"#!$%&'()*
 !"#$%& '
 ()*+,-.() ")/ #%&-#%*$.0%-
 !" #$%& '()"*+%," '- +!" +!".%. /$. +' 0","1'2 $ &3#"4%*$1 #'0"1 +' .%#31$+" +!" 52$46
71$.#$ 5%&+"4%&8 24'*"..9 %& ,%"/ '- 24"0%*+%&8 +!" .%&+"4%&8 '- %&03.+4%$1 2$4+. +' (" 3."0
%& $"4'&$3+%*.: ;'0"1%&8 +!" 24'*".. %. *'#21"< 03" +' +!" 0%ﬀ"4"&+ 2!>.%*$1 2!"&'#"&$
+!$+ %&+"4$*+:  !4"" *'321"0 24'(1"#. &""0 +' (" .%#31$+"0?
@  !" "1"*+4%* 24'(1"# +' .+30> +!" 0%.+4%(3+%'& '- *344"&+ +!$+ *$3.". !"$+%&8 (> A'31"
"ﬀ"*+9 ('+! %& +!" +''1%&8 $&0 %& +!" 2$4+
@  !" +!"4#$1 24'(1"# +' 3&0"4.+$&0 +!" !"$+%&8 #"*!$&%.#. 034%&8 +!" 24'*"..
@  !" #"*!$&%*$1 24'(1"# +' *'#23+" +!" .+4"..". $&0 0"&.%ﬁ*$+%'&:
C& $00%+%'& +' +!" 0","1'2#"&+ '- $ &3#"4%*$1 #'0"1 +' 24"0%*+ .%&+"4%&89 $&'+!"4 '()"*@
+%," /$. +' %0"&+%-> $ 4"1",$&+ ("!$,%'4 1$/ -'4 $ T iAl $11'> 2'/0"4:
D"-'4" 0".*4%(%&8 +!" %#21"#"&+$+%'& '- +!" &3#"4%*$1 #'0"19 $ (%(1%'84$2!> 4",%"/ /$.
24"."&+"0 %& E!$2+"4 F: C& +!" (%(1%'84$2!> 4",%"/ /" !$," .!'/& +!$+ #'.+ '- +!"
#'0"1. -'3&0 %& +!" 1%+"4$+34" /"4" 1%#%+"0: G%4.+ 0","1'2#"&+. %& &3#"4%*$1 #'0"1%&8 %&
575 /"4" 1%#%+"0 +' "1"*+4%* +!"4#$1 24'(1"#.:  !"&9 $& "1$.+%* ("!$,%'4 /$. *'&.%0"4"0
%& +!" ﬁ4.+ 0","1'2#"&+. '- #'0"1%&8 +!" #"*!$&%*$1 24'(1"#: H$+"4 '&9 $4'3&0 FIIJ9
+!" #'0"1. /"4" #'4" 4"24"."&+$+%,"9 +!" +!4"" *'321"0 24'(1"#. /"4" .'1,"0 $&0 +!"
",'13+%'& '- 0"&.%ﬁ*$+%'& /$. *'#23+"0: K" !$," .!'/& +!$+ %+ "<%.+. $ 4"$1 &""0 -'4 LM
#'0"1. %&*130%&8 +!" #$)'4 2!>.%*$1 2!"&'#"&$:
N. $ ﬁ4.+ .+"2 %& +!" 0","1'2#"&+ '- .3*! $ LM #'0"19 /" %#21"#"&+"0 +!" 4".'13+%'& '-
+!" "1"*+4%* +!"4#$1 24'(1"# 3.%&8 +!" #'&'1%+!%* $224'$*! %& E%#H%(:  !%. $224'$*!
*'&.%.+. %& 3.%&8 $ .%&81" #".! /!%*! "&*'#2$..". +!" 2'/0"4 0'#$%& $&0 +!" 0%ﬀ"4@
"&+ +''1.: H","1 ."+ -3&*+%'&. 0"ﬁ&" +!" %&+"4-$*". '- +!" 0%ﬀ"4"&+ 0'#$%&. $&0 #%<%&8
1$/. $4" 3."0 +' $..'*%$+" +!" *'44".2'&0%&8 2!>.%*$1 24'2"4+%". +' "$*! #$+"4%$1:  !%.
"1"*+4%* +!"4#$1 .'1,"4 /$. ,$1%0$+"0: G%4.+9 $ .%#21%ﬁ"0 #'0"1 /$. .%#31$+"0 /%+! .%#21%@
ﬁ"0 ('3&0$4> *'&0%+%'&.:  !%. #'0"1 /$. ,$1%0$+"0 (> *'#2$4%.'& /%+! 1%+"4$+34" /!"4"
+!4"" 0"&." .$#21". /"4" *'&.%0"4"0? &%*6"19 84$2!%+" $&0 $13#%&$: K" -'3&0 +!$+ +!"
FIO
 !"  !"#$%& '(  )*+,-./)* "*0 #%&.#%+$/1%.
#$#%&'(% %)''#*& +,- %.*%#*&',&#/ ,& &0# $#1#$ .2 &0# 3(-&.*-4 50(- +,- /)# &. &0#(' -6,$$
-#%&(.* %.63,'(*7 &. 6.)$/ ,*/ -3,%#'-4 8* (*&#'#-&(*7 '#-)$& +,- 0#,&(*7 .2 &0# -,63$#
9: %.*/)%&(.* (* ,//(&(.* &. ;.)$# #ﬀ#%&4 =* 2,%&> &0# /(-&'(9)&(.* .2 &0# -.)'%# &#'6
,$.*7 &0# 7#.6#&': +,- 1#': %.63,',9$# 2.' &0# &0'## 6,&#'(,$-4 50# -.)'%# &#'6 +,-
1#': $.+ (*-(/# &0# -,63$#4 ?#*%#> &0# -,63$# +,- 6,(*$: 0#,&#/ 9: %.*/)%&(.* 2'.6 &0#
-)''.)*/(*7 7',30(&#4 @0#* %.63,'(*7 &0#'6,$ '#-)$&-> (& +,- -0.+* &0,&> &0# &0#'6,$
/#3#*/#*%: .2 30:-(%,$ 3'.3#'&(#- -0.)$/ 9# &,A#* (*&. ,%%.)*& (* &0# 6./#$ -(*%# &0#
&#63#',&)'# 1,'(#/ 2'.6 785◦C &. 1350◦C4 8*.&0#' %.)3$#/ #$#%&'(%B&0#'6,$ 6./#$ +,-
-(6)$,&#/ %.*-(/#'(*7 , %.63$#&# CDC -#&B)34 50# C)6(&.6. 6,%0(*# (*-&,$$#/ ,& &0#
ED$,&#2.'6# F,&(.*,$# /# G'(&&,7# G$,-0> 5.)$.)-#E +,- -(6)$,&#/4 H#-)$&- +#'# %.6B
3,'#/ 9#&+##* I(6J(9 ,*/ I.6-.$ 2.' T iAl ,*/ ,$)6(*, -,63$#-4 I.6-.$ '#-)$&- +#'#
,%0(#1#/ 9: .)' %.$$#,7)#- ,& IKLKC4 50# %.63,'(-.* .2 &#63#',&)'# ,*/ %)''#*& /(-B
&'(9)&(.* ,*/ #1.$)&(.* +#'# 2.)*/ (* 1#': 7../ ,7'##6#*&4 50(- %.63,'(-.* ,$$.+#/ &.
1,$(/,&# (*/('#%&$: +(&0 #M3#'(6#*&-> -(*%# I.6-.$ '#-)$&- +#'# %.63,'#/ &. #M3#'(6#*&,$
'#-)$&- )-(*7 &0# 6(%'.-&')%&)'# 30,-# %0,*7# (* T iAl ,& 1350◦C4
=* , -#%.*/ -&#3> &0# #$#%&'(% &0#'6,$ 6./#$ +,- %.63$#&#/ 9: &0# '#-.$)&(.* .2 &0# 6#B
%0,*(%,$ 3'.9$#64 50# 3.+/#' 2.$$.+#/ , %.63'#--(9$# 1(-%.3$,-&(% $,+4 50# F.'&.*B?.ﬀ
3.+#' $,+ +,- %.*-(/#'#/ 2.' &0# 1(-%.3$,-&(% 9#0,1(.'4 50# /#*-(ﬁ%,&(.* +,- 6./#$#/
)-(*7 &0# 89.),2 6,%'.-%.3(% 6./#$4 50# 3.+/#' +,- %.*-(/#'#/ ,- , %.*&(*))6 %0,',%B
&#'(-#/ 9: (&- '#$,&(1# /#*-(&:4 50# 6./#$ +,- (63$#6#*&#/ (* I(6J(94 G('-& 1,$(/,&(.*-
%.*-(-&#/ (* %.63,'(*7 &0# '#-)$&- .2 , -(63$# )*(,M(,$ %.63,%&(.* ,*/ , /(# %.63,%&(.*
+(&0 ,*,$:&(% '#-)$&- (* , J,7',*7(,* 2',6#+.'A4 50# -#%.*/ -&#3 +,- &. 1,$(/,&# &0#
6./#$ (* &0# K)$#'(,* ,33'.,%0 +0#'# /(# ,*/ 3(-&.* +#'# 6./#$#/4 O*%# &0# (63$#6#*B
&,&(.* 1,$(/,&#/> #$#%&'(% &0#'6,$ ,*/ 6#%0,*(%,$ 3'.9$#6- +#'# %.)3$#/ ,*/ , -(6)$,&(.*
+,- %,''(#/ .)& +0#'# &0# #1.$)&(.* .2 '#$,&(1# /#*-(&: +,- %.63)&#/4 50(- -(6)$,&(.*
*#%#--(&,&#/ &0# )3/,&(*7 .2 &0# 6#-0 ,& #,%0 &(6# (*%'#6#*&4 50# 6#-0 )3/,&# +,- ,
%.69(*,&(.* 9#&+##* &0# K)$#'(,* ,*/ J,7',*7(,* ,33'.,%0#-4 ?#*%#> 9: %,$%)$,&(*7 &0#
3.-(&(.* .2 &0# *./#- (& +,- 3.--(9$# &. 6./#$ &0# 3(-&.* &',1#$ +(&0.)& (*%'#,-(*7 &0#
*)69#' .2 #$#6#*&-4 5+. -(6)$,&(.*- +#'# %.63,'#/ %.*-(/#'(*7 .' *.& &0# /#3#*/#*%#
.2 &0# %.*/)%&(1(&(#- .* '#$,&(1# /#*-(&:4 =* &0# %,-# .2 T iAl &0# &#63#',&)'# /(ﬀ#'#*%#-
+#'# 2.)*/ &. 9# #P),$ &. 5◦C4 =& (- (63.'&,*& &. %.*-(/#' &0# /#3#*/#*%: 9#%,)-# &#6B
3#',&)'# '#2#'- &. &0# 6(%'.-&')%&)'# 30,-# ,*/ (& +.)$/ 9# 6.'# ,%%)',&#4 =& +,- -0.+*
&0,& , /(--:66#&': +,- .9-#'1#/ (* /#*-(ﬁ%,&(.* (* %,-# .2 , *)$$ /(-3$,%#6#*& .2 .*#
#*/ .2 &0# %.63,%&4 =* 2,%&> &0# /(--:66#&': .2 &0# 7#.6#&': %,)-#/ , /(--:66#&': (*
&0# &#63#',&)'# ﬁ#$/4 ?#*%#> &0# &#63#',&)'# /#3#*/#*& 3,',6#&#'- +#'# *.& -:66#&'(%
(* &0# ,M(,$ /('#%&(.* ,*/ -. &0# /#*-(ﬁ%,&(.*4 G.' &0,& '#,-.*> +# /#/)%#/ &0,& /)'(*7
&0# CDC 3'.%#-- &0# 6.)$/ 6.1#/ +(&0 &0# 3(-&.* /)# &. 2'(%&(.* (* , +,: &. %.*-#'1#
-:66#&':4 50(- 30#*.6#*.* (- P)(&# %.63$#M ,*/ +,- *.& %.*-(/#'#/ (* &0(- &0#-(-> &0#
6.)$/ 9#(*7 %.*-(/#'#/ &. 9# 6.1(*7 /#3#*/(*7 .* &0# 3(-&.* /(-3$,%#6#*& (* , +,: &.
 !"
#$%&$'( %)**$(#)+
,-$ $.&$#/*$0(12 34%$#51(/30% 6#3* 7879 &1#(0$#% %-3:$; 1 -$($#3<$0$3=% ;/%(#/4=(/30 36
#$21(/5$ ;$0%/() :-$0 %/0($#/0< 1 230< %1*&2$+ ,-$ ;/ﬀ$#$0'$ */<-( #$1'- =& (3 14% /0%/;$
(-$ &3:;$# '3*&1'(+ ,$*&$#1(=#$ -$($#3<$0$/(/$% :$#$ 03( %=ﬃ'/$0( (3 '1=%$ %='- #1($%+
@#/'(/30 :1% /0 &1#( #$%&30%/42$ 36 (-/% ;/%(#/4=(/30+ ,-/% /% :-)A 1 6#/'(/30 *3;$2 :1%
/0($<#1($; /0 (-$ 6#1*$:3#B 36 (-$ C=2$#/10 *3032/(-/' 1&&#31'-+ ,-$ *3;$2 :1% /0%&/#$;
6#3* (-$ 43=0;1#) 21)$# &#/0'/&2$+ D 43=0;1#) 21)$# :1% /0(#3;='$; 4$(:$$0 (-$ *3=2;
10; (-$ &3:;$# (1B/0< 1;510(1<$ 36 (-$ '1&1'/(/$% 36 (-$ 1;1&(/5$ *$%-/0< &#3'$;=#$ /0
E/*2/4+ ,-/% 21)$# 34$)% (-$ %1*$ 4$-15/3# 21: 1% (-$ &3:;$# 10; -1% 1 '30%/%($0') (-1(
#$%=2(% /0 (-$ %-$1# %(#$%% #$&#3;='/0< (-$ $ﬀ$'( 36 6#/'(/30+ D 0=*$#/'12 %(=;) :1% '1##/$;
3=( (3 #$21($ (-$ '30%/%($0') 21)$# (3 /(% (-/'B0$%% 10; (3 (-$ 6#/'(/30 '3$ﬃ'/$0( 36 (-$ F3#G
(30 6#/'(/30 21:+ ,-/% %(=;) :1% 1'-/$5$; 1%%=*/0< 1 -3*3<$0$3=% '30%(10( ($*&$#1(=#$+
,-$ 21%( '-1&($# 36 (-/% (-$%/% ;/%'=%%$; (-$ /;$0(/ﬁ'1(/30 36 (-$ 4$-15/3# 21: &1#1*G
$($#%+ ,-$ $.&$#/*$0(12 &#3'$;=#$ 0$$;$; (3 (-$ /;$0(/ﬁ'1(/30 :1% &#$%$0($;+ @/#%(A (-$
;$0%$ %(1($ %-3=2; 4$ ;$($#*/0$; 4) %/*&2$ '#$$& ($%(% 1( ;/ﬀ$#$0( ')'2$% 36 ($*&$#1(=#$
10; 231;+ I0'$ (-$ '30%/%($0') 10; (-$ %$0%/4/2/() '3$ﬃ'/$0( (3 (-$ %(#1/0 #1($ ;$($#G
*/0$;A /( :1% &3%%/42$ (3 /;$0(/6) (-$ D43=16 6=0'(/30 f 4) 1 -3( /%3%(1(/' &#$%%/0< ($%(+
,-$0A (-$ D43=16 6=0'(/30 c '3=2; 4$ ;$($#*/0$; '1##)/0< 3=( 1 =0/1./12 '3*&#$%%/30
($%( :/(- (-$ 1&&2/'1(/30 36 1 '30%(10( 21($#12 &#$%%=#$+ ,-$ ;$0%$ %(1($ :1% /;$0(/ﬁ$;
(-10B% (3 $.&$#/*$0(% '1##/$; 3=( 4) 3=# &1#(0$#% 1( IFC8D+ J063#(=01($2)A (-$ /;$0G
(/ﬁ'1(/30 36 D43=16 6=0'(/30% ;/; 03( %=''$$; 1% &2100$;+ D( KK87LC MCF9LDNA (-$
K1($#%30 *1'-/0$ '-3%$0 63# (-$ $.&$#/*$0(% 1&&$1#$; (3 4$ 5$#) %$0%/(/5$ (3 -/<- ($*G
&$#1(=#$%+ ,-$ &#$2/*/01#) ($%(% %-3:$; *10) &#342$*%+ J0&#$;/'($; ;$63#*1(/30% 36
(-$ &3:;$# '1=%$; ;1*1<$ 36 (-$ *1'-/0$ '3*&30$0(%+ @3# (-1( #$1%30A :$ -1; #$'3=#%$
(3 (-$ 9K9 &#3'$%% 10; :$ &#3&3%$; 10 /;$0(/ﬁ'1(/30 36 D43=16 6=0'(/30% =%/0< ;/#$'(2)
9K9A 41%$; 30 $.&$#/*$0(% '30;='($; /0 ECLC9+ 9='- 1 ;/#$'( /;$0(/ﬁ'1(/30 :1% '-12G
2$0</0<A 4$'1=%$ (-$ ;$0%/ﬁ'1(/30 /% -$($#3<$0$3=% 10; (-$ 6#/'(/30 /% =0B03:0 4$(:$$0
(-$ *3=2; 10; &3:;$#+ ,-/% /% :-)A /05$#%$ 1012)%/% :1% 1&&2/$;+ D0 12<3#/(-* :1%
;$5$23&$; /0 L1(214 (3 '12/4#1($ (-$ &1#1*$($#% 36 D43=16 6=0'(/30% =%/0< (-$ #$%=2(% 36
9K9 /0($##=&($; ')'2$%+ D 6#/'(/30 '3$ﬃ'/$0( :1% 12%3 '12/4#1($; '1##)/0< 3=( 1 %/*&2/ﬁ$;
%/*=21(/30 =%/0< E/*O/4+ @/0122)A (-$ &1#1*$($#% 36 D43=16 6=0'(/30% 10; (-$ 3&(/*/P$;
6#/'(/30 '3$ﬃ'/$0( :$#$ (-$0 =%$; (3 %/*=21($ (-$ '3*&2$($ 9K9 ')'2$+ ,-$ $532=(/30 36
#$21(/5$ ;$0%/() 1% :$22 1% /(% ;/%(#/4=(/30 :1% '3*&1#$; :/(- (-$ $.&$#/*$0(%+ 8$%=2(%
1#$ 5$#) %1(/%6)/0<+ 7( :1% 63=0; (-1( (-$ T iAl &3:;$# ;$0%/ﬁ$% :-$0 #$1'-/0< 700◦C+
@#/'(/30 $ﬀ$'(% '10 4$ 0$<2$'($; :-$0 (-$ #1(/3 36 -$/<-( 35$# ;/1*$($# /% 23:+ Q3:G
$5$#A (-$ 2/*/(% 36 (-/% 1&&#31'- 1#$ '2$1#R (-$ '3$ﬃ'/$0( c '1003( 4$ /;$0(/ﬁ$; #$2/142)
(-#3=<- (-/% 1&&#31'-+ 70 (-$ 6=(=#$A /( :3=2; 4$ &#$6$#142$ (3 '3*$ 41'B (3 (#/1./12 ($%(%
63# &1#1*$($#% /;$0(/ﬁ'1(/30+ D% *$0(/30$;A (-/% 6=0'(/30 /% #$21($; (3 %-$1# 10; '10
 !"  !"#$%& '(  )*+,-./)* "*0 #%&.#%+$/1%.
#$% &' ('()*'( +,$- . (/' *$-0.*%/$# %'1%2 34' /('#%/ﬁ*.%/$# $+ 6&$).+ +)#*%/$#1 )1/#7
898 ':0',/-'#%1 /1 #$% 1)ﬃ*/'#%2 <'10/%' $+ %4' +.*% %4.% %4' +)#*%/$# c *$)=( #$% &'
/('#%/ﬁ'(> %4' ('#1/ﬁ*.%/$# /1 #$% 4$-$7'#'$)1 /# %4' 0$?(', ()' %$ +,/*%/$#2 @% ?$)=(
4.A' &''# -$,' .**),.%' %$ )1' %4' %'1%1 0,$0$1'( /# B4.0%', C> -$,' 0,'*/1'=D> %4' 4$%
/1$1%.%/* 0,'11/#7 .#( %4' )#/.:/.= *$-0,'11/$# ?/%4 %4' .00=/*.%/$# $+ =.%',.= 0,'11),'2
E#+$,%)#.%'=D> /# %4' +,.-'?$,F $+ @G@8 0,$H'*%> ?' (/(#I% 4.A' %4' $00$,%)#/%D %$ 0',J
+$,- %4' #''('( ':0',/-'#%12
G'7.,(/#7 #$? %4' 0',10'*%/A'1 %4.% *.# &' '#A/1.7'( +$==$?/#7 %4' 0,'1'#% ?$,F> /%
14$)=( &' #$%'( ﬁ,1% %4.% %4' 80.,F 9=.1-. 8/#%',/#7 0,$*'11 (/ﬀ',1 +,$- $%4', -'*4.#J
/*.= 0,$*'11'1 &D %4' #)-&', $+ 04'#$-'#. /#%',+',/#7 1/-)=%.#'$)1=D ?4/*4 -.F'1 /%1
#)-',/*.= -$('=/#7 . *4.=='#7'2 34' -'*4.#/*.= -$('= ('A'=$0'( /# %4/1 %4'1/1 *.# &'
'#=.,7'( %$ 1/-)=.%' -$,' -'*4.#/1-1 .#( *$#(/%/$#12
34' -'*4.#/*.= -$('= %4.% ?' ('A'=$0'( *$)=( &' '#,/*4'( &D %4' *$#1/(',.%/$# $+ %4'
('+$,-.%/$# &D %4',-.= ':0.#1/$#2 61 1''# /# %4' ':0',/-'#%.= (/10=.*'-'#% *),A'1> .%
%4' &'7/##/#7> %4' 0/1%$#1 -$A'( /# %4' $00$1/%' (/,'*%/$# ()' %$ %4' 0$?(', ':0.#1/$#2
@# .((/%/$#> %4' -'*4.#/*.= -$('= *$)=( &' *$-0='%'( &D $%4', -/*,$1*$0/* -'*4.#/1-1
1/-/=.,=D %$ %4' -$('=1 0,$0$1'( &D L='A1FD ?4',' '='*%,$-/7,.%/$#> 1),+.*' (/ﬀ)1/$#
.#( (/ﬀ)1/$# )#(', =$.( ?',' *$#1/(','(2 M$?'A',> .1 1''# /# %4' =/%',.%),' ,'A/'?> %4'
*$-0=':/%D $+ %4' 898 *$#(/%/$#1> .00=/*.%/$# $+ .# '='*%,/* *),,'#% .#( =$.( .#( 4/74
4'.%/#7 ,.%'1> *.)1'( . -/1)#(',1%.#(/#7 /# %4' -'*4.#/1-1 /#%',+',/#7 (),/#7 ('#1/ﬁJ
*.%/$#2 L0/#/$#1 (/A',7'( *$#*',#/#7 #'*F +$,-.%/$# &'%?''# 0$?(', 0.,%/*='1 .#( %4'
'ﬀ'*% .#( ':/1%/#7 $+ 0=.1-. .#( '='*%,/* 10.,F12 N$, %4.% ,'.1$#> /% /1 O)/%' . *4.=='#7'
%$ -$('= %4'1' 04'#$-'#.2
34' ('+$,-.%/$#1 %4.% $**), .% %4' 0.,%/*='P0.,%/*=' ='A'=> *$)=( /#ﬂ)'#*' =$*.= 4'.%/#7
.#( =$*.= 1%,'11 /# %4' 0$?(',2 RA'# /+ %4' ﬁ,1% -.*,$1*$0/* ':0,'11/$#1 1)77'1%'( &D
L='A1FD .#( N,$D'# .,' %$ &' *$#1/(','( /# . ﬁ,1% .00,$.*4> 1/-)=.%/$# .% %4' -/*,$J
1*$0/* 1*.=' ?$)=( 4'=0 %$ ('A'=$0 -$('=1 %$ &' )1'( /# %4' -'1$1*$0/* 1*.=' )1/#7 GSR12
6 4$-$7'#/1.%/$# *$)=( &' %4'# *.,,/'( $)% %$ ('ﬁ#' -$,' *$-0='%' -.*,$1*$0/* -$('=12
34/1 -/74% &' . 7,'.% 4'=0 %$ *$-0='%' %4' -'*4.#/*.= -$('= $+ %4' 0$?(', &'4.A/$, /#
8982 34' -.*,$1*$0/* -$('= ?/== .11),' %4' &$)#(.,D *$#(/%/$#1 +$, %4' GSR> .#(> $#
%4' $%4', 1/('> %4' -'1$1*$0/* *.=*)=.%/$#1 ?/== 4'=0 )#(',1%.#(/#7 %4' 0.,%/*=' %$ 0.,%/*='
-'*4.#/1-12 6% BRTRN> ('A'=$0-'#%1 4.A' ,'*'#%=D &''# *.,,/'( $)% /# %4.% (/,'*%/$#>
/# A/'? $+ -$('=/#7 4/74 %'-0',.%),' 0$?(', *$-0.*%/$# /# %4' +,.-'?$,F $+ %4' 4$%
/1$1%.%/* 0,'11/#7 U!V2
RA'#%4$)74 %4' -'*4.#/*.= -$('= *4$1'# ?.1 14$?# %$ &' A',D 1.%/1+D/#7> ?4'# 1/-)J
=.%/#7 %4' *$-0='%' 898 *D*='> %4' -'*4.#/*.= 0,$&='- .00'.,'( %$ &' %/-' *$#1)-/#72
34' 9@< =$$0 /# %4' -'*4.#/*.= &$)#(.,D *$#(/%/$#1 #'*'11/%.%'( . 1-.== %/-' 1%'0 /#
$,(', %$ +$==$? %4' 0,'1*,/&'( =$.(2 @% ?.1 A',D 1'#1/%/A' %$ %4' *$)0=/#7 &'%?''# %4' %4,''
 !!
"#$%&'() *+,* -,.)') ",#,('*'#) /,#0,*0$1 20*+ *'("'#,*.#' ,13 3'1)0*45 6* 2$.&3 %' &'))
-$)* 'ﬀ'-*0/' *$ ,""&4 *+' &$,3 30#'-*&4 ,* *+' 01*'#8,-' %$.13,#4 $8 *+' "$23'#5 9$#'
#')',#-+ 01 *+0) ﬁ'&3 0) 01*'#')*01; *$ ($3'& *+' ,""&0-,*0$1 $8 *+' &$,3 $1 *+' 01*'#8,-'
3'ﬁ1'3 $1&4 %4 *+' &'/'& )'* 8.1-*0$1 01 *+' <.&'#0,1 ,""#$,-+5
61 ,330*0$1= ,1$*+'# 0("#$/'('1* -$.&3 %' *+' )0(.&,*0$1 $8 *+' *$$&) %'+,/0$#5 >$2= *+'
('-+,10-,& "#$%&'( 0) &0(0*'3 *$ *+' 3'1)0ﬁ-,*0$1 $8 *+' "$23'#5 6* 2$.&3 %' 0("$#*,1*
*$ -$1)03'# *+' *$$&) %'+,/0$# 01 $.# 1.('#0-,& "#$%&'( .)01; *+' ($1$&0*+0- ,""#$,-+5
?+0) 20&& -$1)0)* 01 -$1)03'#01; *2$ 30ﬀ'#'1* *4"') $8 (,*'#0,& &,2) ,13 01-$#"$#,*' *+'(
01 $1' '@.,*0$1 *+,* 20&& %' )$&/'3 $1 $1' (')+ .)01; *+' ($1$&0*+0- ,""#$,-+ 01 A0(B0%5
A$1-'#101; *+' "'#)"'-*0/') $8 *+' '&'-*#0- ,13 *+'#(,& "#$%&'()= *+' '&'-*#0- ,13 *+'#(,&
-$1*,-* #')0)*,1-') -$.&3 %' ,33'35 ?+'4 (0;+* 01ﬂ.'1-' +',*01; %4 -$13.-*0$1 ($)*&4
,* *+' /'#*0-,& 01*'#8,-')5 61 *+' $#*+$;$1,& 30#'-*0$1 *$ *+' ,""&0'3 &$,3= )",-'#) ,#'
)@.''D'3 ,13 *+' -$1*,-* 0) -&$)' *$ , "'#8'-* -$130*0$15 E )*.34 -$.&3 %' -,##0'3 $.*
*$ )'' *+' 0(",-* $8 ,3301; ).-+ , -$1*,-* #')0)*,1-'5 A$1)03'#01; *+' +0;+ FGF +',*01;
#,*')= 0* 0) 1$* ).#' *+,* *+' ;&$%,& *'("'#,*.#' 30)*#0%.*0$1 2$.&3 %' ,ﬀ'-*'35H$2'/'# =
0* 2$.&3 %' 01*'#')*01; *$ ,33 ($#' *+'#($-$."&') 01 *+' (,-+01' ,13 (',).#' *'("'#I
,*.#' ,* 30ﬀ'#'1* &$-,*0$1) *$ -+'-J *+' ,--.#,-4 $8 *+' ($3'&5
E) 30)-.))'3= 1.('#$.) "'#)"'-*0/') -$.&3 %' '1/0),;'35 H$2'/'#= *+0) -$.&3 %' 01*'I
;#,*'3 01 *+' ($3'& 3'/'&$"'3 01 *+0) 2$#J *$ %.0&3 , "#'-0)' 1.('#0-,& ($3'& ,13 ,
"#'30-*0/' *$$& 8$# FGF "#$-')) )01-' *$3,4 *+' )",#J "&,)(, )01*'#01; "#$-')) ,**#,-*)
($#' ,13 ($#' '1;01''#) 01 013.)*#0,& ,""&0-,*0$1)5
 !  !"#$%& '(  )*+,-./)* "*0 #%&.#%+$/1%.
 !"#!$%&'()*
 !" #$ %&'()*+, -$ ./00/1, 2$ .+/34/3', 5$ 6/77+3, (38 -$ ./73(9:+ ;$ <=8(1$ -&8=0+>
?(1+&3 8/ 0( @*(?/ 8/ 9&A@(91+&3 8' @7&9=8= 9+9 B 0C=9*/00/ A=?&?9&@+D'/$ E3  !"#$
%"&'!() *!+&,+-) ./ 01#+&-23/4 5/)+&#"&4 *!+&#/4 6378-)9/. :;<;= 7> ?))"#-+@-"&
*!+&#+-)/ ./ 01#+&-23/, @()/ F @()/?, GH #')'?1 > G I/@1/AJ/7, GK!!$
G!L
 !"  !"#!$%&'()*
 !!"#$%& '( )*+",-.# !,"/%0%#*,1 +"-+-
 !" #"$# $!%$ &"'" ('"(%'") *+ ,-. %/) $!" ('"0121/%'+ $"#$# %3342(01#!") %$ 556,78
%'" ('"#"/$") !"'" *"04&9 5'4*0"2# "/34:/$"'") %'" #("31ﬁ") %<$"' $!" ('"#"/$%$14/ 4<
"%3! "=("'12"/$%0 34/)1$14/#
>9 ?1'#$ #"$ 1# #1/$"'") *+ @5@ %$ 800◦C %/) 100MPa <4' 0′ 2%1/$%1/ $12"A $!" 342(%3$
!%# % '"0%$1B" )"/#1$+ "C:%0 $4 67.8%9  !"#" #%2(0"# %'" )1ﬃ3:0$ $4 2%/1(:0%$"
*"3%:#" $!"+ %'" B"'+ 3':2*0+9 ?4' $!%$ '"%#4/A $!" )12"/#14/ 4< $!" 3+01/)"'
#!4:0) !%B" ('"31#" )12"/#14/9 E:'1/F @5@A % 0%+"' 4< 3%'*4/ 21F!$ #$13G $4 $!"
342(%3$ 1/3'"%#1/F 1$# )1%2"$"'9  !1# 0%+"' 1# '"24B") *+ (401#!1/F $!" #%2(0"9
H!"/ )"%01/F &1$! !1F! (4'4#1$1"#A 1$ 1# /4$ (4##1*0" $4 2%/1(:0%$" $!" 342(%3$9
I9 @"34/) #"$ 1# #1/$"'") %$ 850◦C %/) 100MPa <4' 0′ 2%1/$%1/ $12"A $!" 342(%3$
!%# % '"0%$1B" )"/#1$+ "C:%0 $4 71.74%9 J ('"0121/%'+ 1#4#$%$13 ('"##1/F $"#$ 1#
%3!1"B") &1$! 5%$"'#4/ 2%3!1/" 4/ $!1# #%2(0"9 J$ '442 $"2("'%$:'"A $!" 342(%3$
1# #:*K"3$") $4 100MPaA $!"/ 200MPaA $!"/ 300MPa ):'1/F 30 21/ <4' "%3!
('"##:'"9 L4 B%'1%$14/ 4< $!" !"1F!$ 1# '"F1#$"'")9 M4&"B"'A $!" #%2(0" 1# )"<4'2")
%/) $%G"# $!" #!%(" 4< ?1F:'" N9>O9  !1# )"<4'2%$14/ 21F!$ *" 3%:#") <'42 $!"
!"$"'4F"/"1$1"# 1/ )"/#1$+ &!"/ ('"P342(%3$1/F *+ @5@9 ,/ <%3$A <4' % $"2("'%$:'"
04&"' $!%/ 700◦CA 1$ 1# )1ﬃ3:0$ $4 342(%3$ % T iAl (4&)"' 4' "0#" !1F! ('"##:'"# %'"
/"")")9
Q9  !" $!1') #"$ 1# #1/$"'") %$ 900◦C %/) 100MPa <4' 0′ 2%1/$%1/ $12"A $!" 342(%3$
!%# % '"0%$1B" )"/#1$+ "C:%0 $4 74.3%9 J/4$!"' #"$ &1$! $!" #%2" 34/)1$14/# *:$
<4' 3 21/ 4< 2%1/$%1/ 1# ('"(%'") &!"'" $!" 342(%3$ !%# % '"0%$1B" )"/#1$+ "C:%0
$4 82.4%9 J$ 1/#$1$:$" 556,78A $!" #%2(0" &1$! 74.3% '"0%$1B" )"/#1$+ 1# 3!4#"/
$4 3%''+ 4:$ $!" "=("'12"/$ %$ !1F! $"2("'%$:'"9  !" F4%0 $"2("'%$:'" 1# 700◦CA
$!" ('"##:'" /"")") #4 $!" <:'/%3" %##:'"# #:3! $"2("'%$:'" 1# 300MPa9  !"
#04(" 4< $"2("'%$:'" 1# 10◦C/min :/$10 '"%3!1/F 125◦C %/) $!"/ 20◦C/min9 J
('4*0"2 433:'# &!"/ $"2("'%$:'" '"%3!"# 680◦C9  !" %0:21/1:2 34B"' *'"%G# %/)
% 0"%G 1# 4*#"'B") %$ $!1# 0"B"09 J# % 34/#"C:"/3"A $!" "=("'12"/$ 1# 1/$"'':($")
$4 %B41) %/+ )%2%F" 4< $!" 2%3!1/"9 ?1F:'" N9>R #!4&# $!" #"$ :( "=$'%3$") %<$"'
$!" 1/$"'':($14/9  !" 3'%3G 1# 4/ $!" '1F!$ #1)" *"$&""/ $!" #%2(0" %/) $!" (1#$4/9
I>S
 !"  !!"#$%& '( )*+",-.# !,"/%0%#*,1 +"-+-
#$% &'()*+*() ,-.%/ *0 .%/1 0%+0*2*.%3 &+1 %)421 04&,% 5%26%%+ 2$% 0&)4'% &+7
2$% ,-.%/ ,&(0%0 2$% ,/&,8 &+7 $%+,% 2$% '%&89
:9 ;+-2$%/ %<4%/*)%+2 6&0 ,&//*%7 -(2 6*2$ 2$% 0%,-+7 0%2 =*+*2*&' 7%+0*21 &44/-<*>
)&2%'1 70%?9 #$*0 2*)% 2$% @-&' 2%)4%/&2(/% *0 /%7(,%7 2- 600◦C &+7 *7%+2*,&''1
A-/ 300MPa9 #$% *+*2*&' $%*@$2 &+7 /&7*(0 -A 2$% 0&)4'% &/% /%04%,2*.%'1 15.3mm
&+7 12.7mm 6*2$ & /&2% -A 4-/-0*21 %B(&' 2- 31%9 #$% 2%)4%/&2(/% *0 )&*+2&*+%7
&2 600◦C A-/ 37 )*+(2%09 #$% %<4%/*)%+2 *0 *+2%//(42%79 #$% ﬁ+&' $%*@$2 &+7 /&>
7*(0 -A 2$% 0&)4'% &/% /%04%,2*.%'1 15.08mm &+7 12− 12.2mm 6$*,$ )%&+0 & ﬁ+&'
4-/-0*21 -A 26%9 #$% )%&0(/%)%+20 7(/*+@ 2$% 4$&0% -A ,-+02&+2 2%)4%/&2(/% 0$-6
2$% &50%+,% -A &+1 .&/*&2*-+ -A 2$% $%*@$29 D(2 0*+,% +- )%&0(/%)%+20 &/% 4-00*5'%
7(/*+@ 2$% *+,/%&0*+@ 4$&0%3 6% ,&+ +-2 5% 0(/% 6$%+ 2$% /%7(,2*-+ -,,(/09
E9 F/-) 2$% 0&)% 0%23 & 0&)4'% *0 ,$-0%+ 6*2$ &+ *+*2*&' 4-/-0*21 %B(&' 2- 29.6%9 #$%
*+*2*&' $%*@$2 -A 2$% 0&)4'% *0 15.5mm &+7 2$% /&7*(0 12.9mm9 #$% 0&)4'% $%*@$2 *0
'&/@%/ 2$&+ 6$&2 2$% )&,$*+% ,&+ 2-'%/&2%9 F-/ 2$&2 /%&0-+3 2$% ,-)4&,2 *0 4-'*0$%7
&2 2$% (44%/ &+7 '-6%/ 0*7%0 2- @%2 & $%*@$2 %B(&' 2- 15mm9 ;0 4/%.*-(0'13 2$%
0&)% 0'-4% -A 2%)4%/&2(/% *0 &44'*%7 6*2$ & 4/%00(/% %B(&' 2- 300MPa9 G(02 6$%+
600◦C *0 /%&,$%73 2$% &'()*+*() ,-.%/ 5/%&80 &+7 & '%&8 -,,(/09 #$% %<4%/*)%+2
*0 *+2%//(42%79 #$% 4$-2-0 -A ﬁ@(/% "9 H 0$-6 2$% ,/&,8 -+ 2$% '-6%/ %7@% -A 2$%
,-)4&,29 #$% 2/&,% -A 2$% '%&8 *0 .*0*5'% -+ 2$% &'()*+*() ,-.%/9
  
Modélisation numérique du procédé de frittage flash 
RESUME : Le SPS (Spark plasma sintering) ou frittage flash est une technique innovante de 
compaction de poudre. Ce procédé fait intervenir le courant électrique pour chauffer l’échantillon en 
appliquant simultanément une pression. Grâce à la vitesse de chauffage, le procédé SPS apparaît 
comme étant une technologie prometteuse dans le secteur aéronautique servant à produire des 
matériaux denses à microstructure fine, composés par des intermétalliques difficiles à fondre, à former 
et à usiner avec les procédés conventionnels. Cependant, la fabrication de formes complexes est 
problématique à cause des hétérogénéités en densité qui peuvent apparaître lors de la compaction et 
qui proviennent de la distribution de la température et des contraintes dans la poudre compactée. La 
distribution du courant, de la température et des contraintes, ainsi que leurs différents effets, font 
l'objet d'une large étude, étant responsables de l'homogénéité de la microstructure. Une modélisation 
numérique 3D du procédé est réalisée, dans le cadre de la librairie CimLib. Elle englobe trois 
problèmes physiques fortement couplés : électrique, thermique et mécanique. Nous utilisons une 
approche monolithique qui consiste à résoudre une équation pour chaque problème sur un maillage 
unique représentant outils et poudre. Tout d’abord le couplage électrique-thermique est modélisé et 
les simulations numériques sont validées. Une loi de comportement viscoplastique compressible 
s’appuyant sur un modèle d’Abouaf est utilisée pour modéliser la densification de la poudre de TiAl. 
Ce modèle est validé par plusieurs cas tests de compaction de poudre dans un contexte lagrangien 
puis eulérien avant de passer à une simulation complète de couplage électrique-thermique-
mécanique. Dans ce contexte monolithique, nous développons un modèle pour prendre en compte les 
effets du frottement entre la poudre et le moule. Enfin, la loi de comportement utilisée est identifiée 
pour la poudre intermétallique de TiAl. Le frittage par SPS d’échantillons de différentes tailles est 
simulé. Les résultats en termes de distribution de densité et déplacement sont validés grâce à une 
comparaison avec l’expérience.  
 
Mots clés : frittage de poudre, couplage électrique-thermique-mécanique, méthode des éléments 
finis, loi viscoplastique compressible d’Abouaf, identification de paramètres 
Numerical modeling of the spark plasma sintering process  
ABSTRACT : Spark plasma sintering process (SPS) is a breakthrough technology for producing high 
quality sintered materials. An electric current is applied simultaneously with a vertical load to sinter the 
powder placed in a graphite mould. Joule effect leads to high heating rates which are favorable for 
enhancing the microstructure and physical properties. However, manufacturing complex shapes is 
problematic due to heterogeneities in density distribution that may appeari during compaction. For that 
reason, the development of a numerical model to predict sintering is necessary. The model should 
help controlling temperature and stress distributions, which are responsible for the microstructure 
homogeneity. A 3D numerical model is developed to ensure a predictive tool for SPS using CimLib, a 
code developed at CEMEF. The numerical model presents three physical problems strongly coupled: 
an electric problem, a thermal problem and a mechanical problem. A monolithic approach is used 
which consists in solving one equation for each problem using one unique mesh for tools and powder. 
First the electric thermal coupling is modeled and the numerical simulations are validated by 
comparison with commercial codes. A viscoplastic compressible law based on Abouaf model is 
implemented to model the densification of TiAl powder. This model is validated by comparing the 
numerical results of different compaction tests with analytic solutions using a Lagrangian and Eulerian 
framework. Then a fully coupled electric-thermal-mechanical simulation is carried out. In the monolithic 
framework, a model is developed to take into account friction effects between powder and mould. 
Finally, the parameters of the selected material law are identified for TiAl powder using our numerical 
model and SPS experiments. Sintering of different samples is then simulated. Results are compared 
with the experiments in terms of density distribution and displacement. 
 
Keywords : powder sintering, electric-thermal-mechanical coupling, finite element method, 
viscoplastic compressible law, Abouaf model, parameter identification 
